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ABSTRACT
Alluvial rivers are authors of their own geometry. Given water and sedi-
ment, a river constructs its own well-defined channel and floodplain. This channel
is characterized by a bankfull width and depth, longitudinal slope, and bankfull
discharge when the flow spills out onto the floodplain. No specific discharge is
sufficient, however, to describe how the channel maintains itself. Above-bankfull
flows increase the height of the floodplain and deepen the channel. Modestly
below-bankfull flows drive channel shift across the floodplain, shaving it down
and making the channel shallower.
Now consider a stable alluvial river reach with a well-defined floodplain.
Suppose the sediment supply to the reach, or the range of flows to which it is
subjected, changes. How will the river evolve to a new equilibrium?
Here I present a morphodynamic model that captures these processes. A
simple modeling framework is developed for the co-determination of bankfull
discharge and corresponding bankfull channel geometry (width, depth, and longi-
tudinal channel slope) of a natural alluvial meandering river. I inquired as to how
an alluvial meandering river selects bankfull discharge among the wide range of
discharges to which it is subjected. Here, I provide a physically-based predic-
tor of bankfull discharge that goes beyond the simple empirical assumption that
bankfull discharge is equal to the 1.5-year flood discharge. I do this with the aid
of physically-based sub-models for channel and floodplain processes. I show that
bankfull discharge and bankfull geometry are established as a result of
i) floodplain vertical accretion due to overbank deposition,
ii) inner bank migration and outer cut bank migration,
iii) net removal of floodplain sediment and reduction in average floodplain
height due to lateral channel shift, and
iv) in-channel downstream bed material transport.
The flow duration curve is casted so as to quantify the effect of these processes, as
well as to account for the flow variability. This new model captures the spatiotem-
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poral evolution of bankfull discharge, depth, width, and down-channel slope to-
ward equilibrium for specified flow duration curve and watershed characteristics.
This new framework can be used for various purposes, including the assessment
of the river response to climate change, land-use change and river restoration, in-
deed any change that can be quantified in terms of change in sediment supply or
flow duration curve.
I then apply the model to the Minnesota River, USA, which has experienced
rapid widening associated with a changing hydrologic regime. The model, which
captures flow variability in terms of the flow duration curve, allows study of the
effect of altered hydrologic regime on bankfull discharge and channel characteris-
tics. Here I further examine the importance of extreme flows relative to base flows
and moderately high flows on long-term bankfull channel evolution to equilib-
rium. This analysis suggests that altered flow duration curve can play significant
role in rapid (decadal-scale) bankfull channel widening observed in the Minnesota
River. In this case, increase in the 5%-50% exceedance flows in the specified flow
duration curve are more responsible than the increase in the 0.1% exceedance
large flow or the 90% exceedance low flow for substantial bankfull channel en-
largement. In the case of the Minnesota River, the model predicts equilibrium
bankfull discharge to be nearly identical to the 1% exceedance flow of a speci-
fied flow duration curve, regardless of its shape, indicating the potential presence
of the relation to specify the position of the equilibrium bankfull discharge as a
function of model feeding parameters such as ones for the bank processes.
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Rivers are an important piece in the hydrological cycle. When drops of rain
reach the ground, some fraction infiltrates into the ground and some fraction is are
collected by a river (Chow, 1964). A river is a course of flowing water, conveying
water from high to low elevation typically towards sea, lake, or another river, due
to the act of gravity. A river is not just a conveyor of water; the flowing water
provides i) transportation to sediments and nutrients, and ii) habitat for aquatic
creatures.
Rivers are also drivers of landscape evolution processes. They oppose the
land surface constructing processes such as the uplift by providing degradational
forces (Leopold et al., 1964). That is, in this context, the tectonic uplift serves as
the sediment producer and the river serves as the tool to erode the sediment to and
transport it downstream.
Human being have been receiving benefits from the rivers in various ways.
They provide us with water resource, food (e.g., fish), and navigation conduits.
The management of rivers has, therefore, been paid great attention since the be-
ginning of civilization (Senda, 1991). The historical relation between humans and
rivers can further be seen in the fact that the four great civilizations of the world:
Mesopotamia; Ancient Egypt; Indus Valley; and Ancient China were all devel-
oped by large rivers such as the Tigris-Euphrates Rivers (Mesopotamia), Nile




Rivers can exist in various environments and on various media; mountain,
alluvial fans, bedrock, deltas, or even on the glacier and under the sea. River chan-
nels can also take diverse forms, including single-thread, braiding, and anabranch-
ing channel patterns. Typically, single-thread channels patterns are further clas-
sified into straight and meandering channels based on their channel sinuosity
(Schumm, 1981, 1984). These channel patterns are considered to reflect chan-
nel system adjustment to 1) hydrologic regime (flow variability), 2) sediment load
and caliber, 3) channel and bank resistance to erosion, and 4) stream power.
Numerous efforts have been made as to quantitatively classify channel pat-
terns and their controlling factors. Schumm (1981, 1984), for example, classified
channel patterns based on channel sinuosity, stream power, and sediment load
(Figure 1.1). Therein straight channels are defined in terms of the low sinuos-
ity, low stream power, and low sediment transport rate (primarily wash load), and
braided channels are defined as low sinuosity, high stream power, and high sedi-
ment transport rate (primarily bed load).
Figure 1.1: Channel classification based on sediment load, stability, and channel








Figure 1.2: Example of (a) alluvial meandering river (Ucayali River, Peru), (b)
braided river (Brahmaputra River, India), (c) bedrock meandering river (Colorado
River, Arizona), and (d)melt-water meandering river (Greenland, Denmark).
Figure 1.2 illustrates example cases of river forms that are found in a variety
of environments: (a) alluvial meandering channel, (b) alluvial braided channel,
(c) bed-rock meandering channel, and (d) melt-water meandering channel on the
glacier.
Among these various river forms in different environments, meandering is
ubiquitous in many environments, including alluvial, bedrock, bedrock, glacial
melt-water environments, and even submarine environments (Eke, 2013; Imran
et al., 1999; Luchi et al., 2015). The focus of this study is placed on alluvial
meandering rivers, particularity alluvial meandering rivers whose channel bed is
mainly composed of sand are considered.
One of key features of such alluvial meandering rivers is its curvilinear plan-
form. The streamlines, therefore, show rotational motion, causing the higher flow
velocity at the outer bank and slower velocity at the inner bank (Figure 1.3; Di-
etrich and Smith, 1984; Frothingham and Rhoads, 2003). This results in erosion
3
at the outer bank and deposition at the inner bank (i.e., lateral accretion and point
bar formation), leading to dynamic interaction between the channel and adjacent
floodplain (Eke et al., 2014b; Hooke, 1979; Howard, 1992; Nanson and Hickin,
1983).
Figure 1.3: A sketch of flow structure and sediment dynamics at a meander bend
(from Dietrich and Smith, 1984).
1.3 Bankfull characteristics
In the case of meandering rivers, a distinct bankfull state of the channel can
typically be identified. Several criteria have been proposed as to how the bank-
full state is defined. Williams (1978) provides a summary the criteria for bank-
full stage proposed by various researchers. For example, some studies have de-
fined bankfull stage as the height of the lower limit of riparian vegetation (e.g.,
Schumm, 1960), or the elevation of the upper limit of sand-size sediment in the
bank (Leopold and Skibitzke, 1967). It should be noted that bankfull character-
istics are more relevant at a reach scale rather than a local scale (Williams, 1978;
Wolman and Leopold, 1957). In this study, bankfull state is determined geomet-
rically in terms of the water stage at which the overbank flooding is just about to
begin (Leopold et al., 1964; Pickup and Rieger, 1979; Williams, 1978). The water
discharge at this stage is referred to as bankfull discharge, and the reach-average
flow width and flow depth at this stage are referred to as bankfull width and bank-
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full depth, respectively. Longitudinal channel slope also constitutes a channel
characteristic, and hence it is considered as one of the bankfull parameters.
One way to estimate bankfull discharge, besides making direct measurement
in the field, is to detect a slope break in the flow rating curve, where measured
stage height is plotted against the corresponding flow rate. As the flow enters the
adjacent floodplain during a flood event, the rate of stage increase is retarded due
to the increase in accommodation space for water. Thus, a sharp transition in the
stage-discharge relation is typically observed, indicating the transition between
in-channel flow and overbank flow. Necessary parameters for this analysis (i.e.,
stage height and flow rate) can be found using data from U.S. Geological Sur-
vey (USGS) gaging stations. Figure 1.4 demonstrates the case of the Minnesota
River near Jordan, MN, USA (station ID 05330000), where bankfull discharge is




Figure 1.4: Example of the determination of bankfull discharge using the flow
rating curve. In the case of the Minnesota River near Jordan, MN, USA (USGS
station ID 05330000), bankfull discharge is estimated as 700 m3/s.
Bankfull characteristics (i.e., bankfull discharge, bankfull width, bankfull
depth, and down-channel slope) reflect fundamental features of a river reach.
Bankfull discharge is described as the channel capacity of water conveyance;
hence, the knowledge of it is of importance for e.g. flood management. More-
over, bankfull discharge serves as an indicator of the ecological and biological
connectivity between channel and floodplain (Navratil et al., 2006; Thoms, 2003).
Understanding bankfull characteristics in the geological record can, for example,
provide us with a measure to infer paleo-climate (e.g., Leigh and Feeney, 1995).
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Due to their being fundamental metrics of an alluvial meandering river, need-
less to say, bankfull characteristics have been one of the focuses of study across
disciplines, including river engineers, ecologists, geomorphologists, geologists,
hydrologists, and climatologists.
Channel bed surface texture (i.e., grain size distribution of the bed surface
material) is also commonly used to describe river features. Temporal and spacial
variation of the channel bed texture has gained great attention due in part to in-
creasing attention to the ecological aspect of the river morphology (e.g., Frings,
2008). It is commonly recognized that a considerable degree of spatial and tem-
poral variation in channel bed grain size distribution, such as the formation of the
bed surface armoring, can occur in gravel-bed systems. It has recently been re-
ported that, however, that a significant degree of the grain sorting can also occur
in fine-grained systems.
1.4 Previous studies on alluvial meandering rivers
1.4.1 Hydraulic geometry
One of classical works on bankfull characteristics is the hydraulic geometry
empirical relation first proposed by Leopold and Maddock (1953) and Wolman
(1955). In their hydraulic geometry relations, the metrics of the channel (e.g.,
width, mean depth, mean velocity, and down-channel slope) are related to water
discharge, typically in the form of power function. Strong locality, however, ex-
ists. The relation can significantly be different a basin to basin. Regional relations
have therefore been developed and utilized for e.g. stable channel design, pre-
dicting channel deformation, and design of irrigation channels and canals (Singh,
2003).
Hydraulic geometry relation can be classified into two types: at-a-station hy-
draulic geometry relations and downstream hydraulic geometry relations. While
the development of at-a-station hydraulic geometry relation entails values mea-
sured over a certain period such as a week, a month, or a year, downstream hy-
draulic geometry relation is assumed to be developed at a channel forming dis-
charge such as the annual mean flow, 2-year flood discharge, dominant discharge,
or bankfull discharge (Rhoads, 1991; Leopold et al., 1964; Singh, 2003). The lat-
ter is typically employed as a measure to compare different sections of a river and
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to compare river to river (Bridge, 2003).
Hydraulic geometry relation has also been derived using various hypothesis;
some for at-a-station relation, some for downstream relation, and some for both.
Examples of these hypothesis include minimum energy theory (e.g., Leopold
and Langbein, 1962, 1966), theory of maximum friction factor (e.g., Davies and
Sutherland, 1980, 1983), theory of maximum sediment transport rate (e.g., White
et al., 1982), and regime theory (e.g., Lindley, 1919; Lacey, 1930, 1946). It is
worth noting that all theories assume that a river tends to achieve an equilib-
rium between the channel and water and sediment that the channel must convey
(Leopold and Maddock, 1953; Singh, 2003).
1.4.2 Channel-forming discharge
Channel adjustment requires erosion and deposition of sediment. These pro-
cesses are active during high discharges. Thus, it is typically considered that rela-
tively high discharges control channel dimensions (Bridge, 2003). The occurrence
of such high flows, however, is relatively rare, and hence it is necessary to con-
sider both frequency and magnitude of the flow (Knighton, 1998; Leopold et al.,
1964; Wolman and Miller, 1960). The dominant discharge, or channel-forming
discharge, is a single discharge that represents the net effect of the entire range of
flows to which the channel is subjected. The dominant discharge is therefore de-
termined with the use of a magnitude-frequency analysis as shown in Figure 1.5,
and it is commonly found to be near bankfull discharge. In other words, bankfull
discharge is considered to be the most effective in terms of the geomorphic work
due to its high magnitude and relatively frequent recurrence interval. Bankfull dis-
charge is also considered as the discharge that can transport the largest amount of
sediment in the long-term due to, to repeat, its magnitude and frequency (Carling,
1988; Dunne and Leopold, 1978; Wolman and Miller, 1960).
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Figure 1.5: Magnitude-frequency analysis (from Wolman and Miller, 1960).
Studies on recurrence interval have found that bankfull discharge commonly
has a return period of between 1 to 2 years on the basis of the annual maximum
flood approach (Leopold et al., 1964; Nixon et al., 1959; Williams, 1978; Wolman
and Leopold, 1957). The return period of bankfull discharge can, however, vary
considerably even within the same system. This is due in part to the difference in
the shape of the hydrograph (Bridge, 2003). It should, however, be noted that the
annual peak flood approach discards high events that are not the annual highest in
the analysis, thus forcing the recurrence interval of bankfull discharge to always
be greater than 1 year (Hey, 1975; Navratil et al., 2006; Williams, 1978).
1.4.3 Outer bank and inner bank processes
An alluvial meandering river channel actively interacts with the adjacent
floodplain via cut bank erosion and inner bank deposition at meander bends. As
summarized in ASCE Task Committee and of River Width Adjustment (1998) and
Motta et al. (2012), cut bank erosion can take place in various forms. In the case
of sand-bed meandering rivers, it is commonly observed that preferential bank
erosion occurs at the cut bank toe due to the presence of more erodible basal layer
and a secondary flow effect. This results in the overhang and subsequent failure
of the upper cohesive layer, leading to the formation of bank armoring such as the
slump blocks shown in Figure 1.6 (Andrews, 1982; Thorne et al., 1982; Parker
et al., 2011).
At the inner bank of the meander bend, sediment accumulates to form a point
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bar due to the secondary flow (Figure 1.3). The point bar is subsequently inte-
grated into the floodplain and the inner bank continues to march toward the outer
bank.
The role of riparian vegetation deserves great attention in these bank pro-
cesses. At the outer eroding bank, the presence of riparian vegetation provides
additional resistance to erosion. Moreover, vegetation roots also holds soils and
promote the formation of slump blocks as the upper bank layer fails. The forma-
tion of bank armoring (e.g., slump block) and its residence time, therefore, are
considered to be dependent on not only soil properties but also vegetation (Eke
et al., 2014b,a; Parker et al., 2011). Thorne et al. (1982) and Parker et al. (2011)
argue that the failed material armors the bank toe and retards erosion of the basal
bank. That is, riparian vegetation plays a significant role in modulating bank
erosion rate by providing additional strength to bank armors of failed material
(Pizzuto, 2008).
Riparian vegetation is also a key feature at the depositing inner bank. The
encroachment of vegetation into the point bar stabilizes and integrates the point
bar into the floodplain (i.e. lateral accretion of floodplain). Furthermore, the ripar-
ian vegetation enhances the capture of sediment near the inner bank, facilitating
further inner bank advancement (Parker et al., 2011; Pizzuto, 2008). Laboratory
experiments have demonstrated that in the absence of bank stabilization, the depo-
sitional inner bank is unable to keep pace with retreating outer bank, transforming
the channel pattern from single-thread channel to braided channels (e.g., Fed-
erici and Seminara, 2003; Moores, 2002; Schumm and Khan, 1972; Wolman and
Brush, 1961).
It should be noted that the ability of riparian vegetation to capture sediment
extends to overbank processes; overbank floodplain sedimentation during above-
bankfull events (i.e., vertical accretion of floodplain) is enhanced by the pres-
ence of the floodplain vegetation (Curran and Hession, 2013; Gurnell et al., 2006;
Nicholas et al., 2006).
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Figure 1.6: Formation of bank armoring (e.g., slump block) in Lanmucuo River,
China. Flow is from right to left.
Figure 1.7: Vegetal encroachment into point bar (from Parker et al., 2011, photo
credit: H. Yasuda).
1.4.4 Plan-form dynamics
Migration of meanders promotes the further development of meander loops.
A meander loop evolves up to the point where meander bends cut themselves out
(i.e, neck cutoff; Camporeale et al., 2008; Hooke, 2004). Oftentimes, however,
secondary channels override the scroll bar and cause meander cutoffs, even before
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the meander loop matures (i.e., chute cutoff), suppressing meander loop develop-
ment (Constantine et al., 2010; Howard, 1996). The meander cutoffs, both chute
cutoff and neck cutoff, lead to a formation of oxbow lakes. The shortened channel
will again develop a meander loop to the point of meander cutoff occurrence to
repeat the channel elongation-shortening processes.
Channel sinuosity is defined as the ratio of channel length to valley length
(by definition channel sinuosity is 1 for a straight channel). It is utilized as an
indicator of plan-form complexity at a reach scale. Reach scale plan-form dy-
namics and channel sinuosity are governed primarily by a) outer bank and inner
bank migration, b) neck cutoffs, and c) chute cutoffs. As lateral shift of the chan-
nel occurs and meander loops develop, channel sinuosity increases due to channel
elongation. The occurrence of cutoffs, on the other hand, reduces it by shortening
the channel.
Several numerical modeling studies have also demonstrated that in the dy-
namic equilibrium state, the value of channel sinuosity fluctuates around the mean
value at reach scale. The mean value is maintained by the balancing acts of chan-
nel elongation due to lateral channel movement and channel shortening due to cut-
offs (Howard, 1996; Stølum, 1996). A number of numerical studies have shown
that in the absence of chute cutoffs, sinuosity increases as high as around 3-5, and
it decreases with the increasing occurrence of chute cutoffs (e.g., Howard, 1996).
The plan-form dynamics significantly affect hydraulic conditions, especially
at local scale. Cutoffs can, for example, increase local channel slope by reducing
the channel length. Altered hydraulics can in turn trigger higher morphodynamic
activities (Hooke, 2004; Monegaglia, 2018; Schwenk and Foufoula-Georgiou,
2015). Thus, predicting the occurrence of cutoffs has been of great interest to
e.g. river engineers (Camporeale et al., 2008).
1.4.5 Modeling on bankfull characteristics
Various modeling efforts on predicting bankfull channel characteristics have
been made over the last decades. Parker (1978a), for example, proposed an analyt-
ical solution for the equilibrium channel cross-sectional shape of sand-bed straight
channel width non-cohesive material. Parker (1978a) has suggested the balancing
acts between lateral diffusion of suspended sediment and bank erosion as a key
mechanism in maintaining such an equilibrium geometry.
Models of spatial and temporal evolution of bankfull channel geometry (i.e.,
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width, depth, and longitudinal slope) have also been proposed by a number of
researchers. Numerical models of this kind require specification of bankfull dis-
charge, annual bed material load, and bankfull Shields number (e.g., Lauer and
Parker, 2008b,a). An empirical relation for the bankfull Shields number later de-
veloped as a function of median grain size and channel slope; it proved to improve
the modeling results (Li et al., 2015).
Some modeling efforts have included the spatiotemporal variation of the bed
surface texture. Since the center of interest has been placed on grain sorting,
bankfull channel geometry has typically been specified and fixed in these model-
ing works (e.g., Naito et al., 2019; Wright and Parker, 2005a,b).
While the modeling efforts mentioned above require specification of bank-
full discharge, more recent modeling works utilize the flow duration curve. The
flow duration curve serves as a closure to the modeling, as well as a measure to
account for long-term flow variation, allowing the model to select bankfull dis-
charge. These have been used to model the spatial and temporal evolution of lon-
gitudinal river profile, bed surface texture, floodplain thickness (hence bankfull
channel depth), and bankfull discharge are modeled (Lauer and Parker, 2008b,a;
Lauer et al., 2014; Viparelli et al., 2013).
1.5 Research question
Despite the accumulation of knowledge on bankfull characteristics of alluvial
meandering rivers over more than a half century, a fundamental question remains
unanswered; how does a self-formed river determine and establish its bankfull
channel characteristics? The relevant downstream hydraulic geometry relation
(e.g., Leopold and Maddock, 1953), for instance, suggests that bankfull discharge
increases downstream. It is understood that the downstream increase in bankfull
discharge corresponds to the downstream increase in drainage area. A question
remains, however, as to how bankfull discharge of a river reach is determined.
Significant variation exists in the runoff discharge to which the river is subjected,
yet the river successfully manages to select a single discharge as bankfull dis-
charge.
Classic empirical works suggest the use of 1 to 2-year (or 1.5-year on av-
erage) recurrence flood discharge as a first-order approximation to bankfull dis-
charge. Significant diversity has, however, been reported in the recurrence interval
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of bankfull discharge, making the use of the 2-year flood discharge unreliable.
Moreover, plots of bankfull hydraulic geometry typically show some degree
of deviation (Parker et al., 2007b; Wilkerson and Parker, 2011). That is, two
different river reaches may have the same channel capacity, but their bankfull
characteristics can differ from each other. For example, characteristic bankfull
parameters from a reach of the Minnesota River near the city of Jordan, MN in-
clude bankfull discharge of 700 m3/s, bankfull width of 100 m, bankfull depth
of 5 m, and longitudinal channel slope of 0.0002 (Figure 1.8a). Meanwhile, in a
reach of the Trinity River near the city of Ramayor, TX bankfull discharge is 700
m3/s, bankfull width is 190 m, bankfull depth is 3.9 m, and longitudinal channel
slope is 0.00012 (Figure 1.8b; Eke et al., 2014a; Smith, 2012). Although these
two rivers have identical bankfull discharges, their bankfull channel geometries
differ from each other.
Figure 1.8: Sentinel2 satellite false-color images of (a) the Minnesota River
upstream of Jordan, MN, USA and (b) the Trinity Rive near Ramayor, TX, USA.
For scale, characteristic bankfull width of the Minnesota River is 100 m and that
of the Trinity River is 190 m, respectively. Characteristic bankfull discharge of
both rivers is 700 m3/s, although their bankfull channel geometry are
substantially different.
Furthermore, existing modeling efforts on the development of bankfull char-
acteristics require specification of at least one of the channel geometry parameters
(e.g., width) or bankfull discharge. This precludes determination as to how bank-
full discharge and corresponding bankfull channel geometry are co-determined.
Bankfull characteristics of such self-formed rivers are products of many fac-
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tors such as climate, lithology, vegetation, tectonic activity, age, sediment supply,
and land-use (e.g., Andrews, 1984). These factors play roles at different scales in
different environments.
With the aim to attain better and physical insight into bankfull characteristics
of self-formed alluvial meandering rivers, I herein approach the following specific
questions:
• How is bankfull discharge selected among considerably varying runoff dis-
charges to which the river is subjected, and how is the corresponding bank-
full channel geometry co-determined?
I investigate co-construction process of bankfull discharge and bankfull
channel geometry (i.e., width, depth, and down-channel slope) at a rela-
tively large spatial and temporal scale. The processes that lead to the estab-
lishment of equilibrium bankfull characteristics are also studied.
• How can climate change, sediment supply change, or land-use change affect
the bankfull channel characteristics?
With the use of an example case of a river reach that undergoes significant
bankfull channel deformation, primarily due to hydroligic regime change, I
study the response of a river reach to various imposed changes.
• What are the characteristic timescales of adjustment to the perturbations?
Do longitudinal profile and cross-sectional channel shape have the same
adjustment timescale?
The characteristic adjustment timescale of the river reach in response to
perturbations such as hydrologic regime change is investigated. Further-
more, comparison of down-channel slope adjustment timescale and cross-
sectional channel shape (i.e., width and depth) adjustment timescale is con-
ducted.
1.6 Thesis roadmap




In this chapter, I develop a modeling framework for the co-determination of
bankfull discharge and bankfull channel geometry (i.e., width, depth, and longitu-
dinal channel slope) of natural sand-bed meandering rivers. The model describes
long-term and reach-scale evolution processes of bankfull geometry and corre-
sponding bankfull discharge toward equilibrium. The spatial and temporal evolu-
tion of bankfull channel characteristics are described with the aid of sub-models
that represent i) outer bank erosion and inner bank deposition, ii) overbank depo-
sition, iii) in-channel bed material transport, and iv) sediment conservation.
The flow duration curve is casted as one of model’s input parameters so as
to take flow variability into account in a statistical manner. It should be noted that
the flow duration curve does not provide event-scale resolution. In this context,
thus, the model outcome can be interpreted as the mean value around which the
bankfull variables fluctuates over time at event scale (Figure 1.9).
Figure 1.9: Sketch of event scale temporal variation (solid line) and modeled
temporal variation of bankfull characteristics (dashed line; from Bridge, 2003).
I capture various factors that affect the determination of bankfull character-
istics such as climate, vegetation, and sediment supply, in a simple manner. The
climate and flow variation are, for example, taken into account by casting the
flow duration curve. The model is then utilized to investigate proposed research
questions.
In this study, I aim to understand the geomophological nature of the sand-
bed meandering rivers at relatively large temporal and spatial scale. Studies have
shown that local surface texture variation occurs at relatively short time scale
(Buffington, 2012; Knighton, 1998). Thus, in our simple framework, the surface
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texture of the channel bed is represented as a single grain size, which does not
vary in time and space.
1.6.2 CHAPTER 3
Implementation of the new modeling framework is conducted in this chapter.
More specifically, the effect of hydrologic regime change on bankfull channel de-
formation is assessed using the model. The analysis of the timescale of longitudi-
nal channel slope adjustment and that of cross-sectional channel shape adjustment
is also performed.
Further analysis is conducted to assess the importance of the increase in the
exceedance probability of extremely high but rare flow relative to the increase in
the exceedance probability of moderately high and frequent flow. Such knowledge
is paramount in regard to channel design for e.g. river restoration engineering
projects.
1.6.3 CHAPTER 4
A general summary, major findings and future work are presented in this
chapter.
1.6.4 APPENDIX
Plan-form dynamics and channel sinuosity
One of the simplifications that is employed in the new modeling framework
is fixed channel sinuosity. It is assumed that the channel sinuosity does not sig-
nificantly change from an old equilibrium to a new equilibrium state due to the
balancing act between channel elongation and channel shortening. Aiming to
provide a justification to this assumption, a simple analysis on temporal variation
in channel sinuosity at a reach scale is conducted.
Techniques of remotely sensed image processing to extract reach-average
valued value of channel sinuosity from the Landsat satellite images are presented
as part of the analysis. These techniques include i) calculation of Normalized Dif-
ference Vegetation Index and Normalized Difference Water Index, ii) thresholding
and channel masking, iii) mask cleaning, and iv) skeltnization.
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This appendix is originally developed as a class project report for the class
of NRES598 (Professor Kaiyu Guan).
Grain sorting in the sand-silt-bed Lower Yellow River
Although bed surface material is represented by single grain size in the new
model presented in this thesis, grain sorting is commonly considered as a key
geomorphological feature, especially in coarse-grained systems. Recent research
has, however, found that substantial degree of grain sorting, such as downstream
fining, can also occur in fine-grained systems. This chapter presents a modeling
effort on grain sorting in the sand-silt-bed Lower Yellow River.
First transport relation for fine sediment mixtures is developed based on the
Engelund-Hansen total load relation. The model is then implemented to perform
morphodynamic calculations to reproduce the trend of downstream fining as well
as bed coarsening due to the bed material supply reduction caused by installation
of a dam (Xiaolangdi Dam).
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CHAPTER 2
DEVELOPMENT OF MODELING FRAMEWORK FOR THE
CO-DETERMINATION OF BANKFULL DISCHARGE AND BANKFULL
CHANNEL GEOMETRY
2.1 Introduction
Bankfull discharge and bankfull channel geometry (i.e., width, depth, and
down-channel slope) are indicators of a channel’s capacity to convey water. They
are thus often used to characterize a river reach. Bankfull discharge of a single-
thread alluvial river is defined as the water discharge at which the flow is barely
overtopping the adjacent floodplain (Williams, 1978; Wolman and Leopold, 1957).
Bankfull geometry refers to the channel width and depth at that discharge, as well
as down-channel slope. Because bankfull discharge and bankfull channel geom-
etry describe fundamental features of a river, a tool for predicting the potential
change in bankfull characteristics (i.e., bankfull discharge and bankfull geometry)
has uses ranging from river engineering to decision making practice. Bankfull
characteristics of alluvial meandering rivers have therefore been intensively stud-
ied through field observations, flume experiments, and mathematical/numerical
modeling.
For example, magnitude-frequency analysis suggests that bankfull discharge
can be used as a first estimate of a channel-forming flow (Wolman and Miller,
1960). Studies on hydraulic geometry relations (e.g., Leopold and Maddock,
1953; Li et al., 2015; Parker et al., 2007b; Singh, 2003; Trampush et al., 2014;
Wilkerson and Parker, 2011) indicate that river organizes its bankfull geometry
in a consistent way across the range of environmental settings. Some experi-
mental studies that utilize cohesive material or vegetation demonstrate that self-
organized single-thread channels can form in a way such that the channel can con-
tain the supplied discharge without causing overbank spill (Tal and Paola, 2007,
2010; Vargas-Luna et al., 2018). Bankfull discharge has also been studied statisti-
cally; flood frequency analysis suggests that typical meandering rivers tend to be
at bankfull state once in 1-2 years, or 1.5 years, on average (Dunne and Leopold,
1978; Wolman and Leopold, 1957).
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A fundamental question, however, remains unanswered; how does a river
selects its bankfull discharge and corresponding bankfull geometry? In an exper-
imental setting, the experimenter specifies the water discharge, and the channel
forms in accordance with the given discharge and flume conditions. In natural
river, on the other hand, runoff discharge to a river channel fluctuates consider-
ably over time and space. How a river chooses its bankfull discharge among a
wide spectrum of discharges to which it is subjected is yet to be investigated. In
order to further illustrate this question, let us suppose that there is a well-defined
river valley with a featureless fill of alluvium but no channel. I now impose pre-
cipitation with high degree of variation in the system. After enough time, one can
expect that an alluvial channel with a distinct bankfull channel characteristics de-
velops, despite the inherent fluctuation in precipitation and runoff (Fig. 2.1). That
is, if there is not bankfull channel, nature will make one. It is worth repeating that
I would like to understand what factors lead to the selection of a specific bankfull
discharge and bankfull channel geometry among wide range of possibilities.
RIVER VALLEY
Figure 2.1: Conceptual sketch on the bankfull channel formation.
To address this question and to provide more insightful predicter for the
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bankfull discharge than 1.5-year flood discharge, I herein propose a simple mod-
eling framework on the evolution of bankfull characteristics of an alluvial river,
specifically a single-thread meandering sand-bed river. The model describes the
spatiotemporal evolution process of bankfull depth Hb f , bankfull width Bb f , longi-
tudinal channel slope Sc, and bankfull discharge Qb f toward an equilibrium state.
The modeled channel deformations are results of physical processes i) cut bank
erosion, ii) inner bank point bar deposition, iii) overbank deposition, and iv) chan-
nel bed aggradation/degradation. The flow duration curve (FDC) is utilized as a
closure in order to take flow variability into consideration, and the model calcu-
lates Qb f , which can be found in the specified FDC, for the calculated channel
geometry. The FDC is the complement of the cumulative distribution function
of daily-averaged discharge. Figure 2.2a shows an example case of the single-
thread meandering sand-bed river; highly meandering reach of the Trinity River
near Romayor, TX, USA. Figure 2.3a and b show example plots of (a) the FDC
and (b) corresponding probability density function, both developed from the daily
average discharge record at the U.S. Geological Survey (USGS) gaging station at
Romayor (station 08066500) along with the position of bankfull discharge, which
is estimated that Qb f = 700 m3/s (Eke et al., 2014b).
Figure 2.2: Sentinel2 true-color satellite image of the Trinity River near





Figure 2.3: Example plots of (a) the FDC (i.e., complement cumulative
distribution function) and (b) corresponding probability density function. These
are constructed from approximately 80 years of daily-averaged discharge record
at the USGS gaging station at Romayor (station 08066500). The black circle on
the curve indicates bankfull discharge, which is 700 m3/s.
2.2 Review of processes and behavior governing alluvial meandering rivers
An alluvial river is a self-formed channel, whose boundary is composed of
erodible sediment (Church and Ferguson, 2015). It is a conveyor of not only wa-
ter but also sediment from upstream. It is commonly thought that a river evolves
toward an equilibrium (or graded) state where, in a statistical sense, the river is
able to transport the supplied sediment downstream without causing overall bed
aggradation or degradation (Davis, 1902; Gilbert, 1877; Lane, 1955; Leopold and
Maddock, 1953; Mackin, 1948). It has been advocated that rivers evolve toward
some threshold state where the bankfull condition is slightly above the threshold
of motion for bed sediment, or alternatively bank toe material (Dunne and Jerol-
mack, 2018; Parker, 1978a,b; Phillips and Jerolmack, 2016). The equilibrium
state can be accomplished by adjusting not only the longitudinal profile, but also
channel width, depth and bed surface texture (Blom et al., 2017; Buffington, 2012;
Knighton, 1998; Simon and Thorne, 1996).
The adjustment process represents the combined effects of erosion and de-
position of both the channel and floodplain, which should be construed as parts of
a single unit. For example, lateral shift of a meandering channel is achieved by
bank erosion at a cut bank and point bar deposition at an opposing inner bank, the
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latter driving lateral accretion on the floodplain. It is of importance to note that
this lateral channel shift leads to sediment exchange between channel and flood-
plain. Thus, if the outer bank is to erode faster than the rate at which the inner
bank deposits, not only must the channel widen in time, but also there must be
a net flux of sediment from floodplain to channel. The floodplain can aggrade
as a result of overbank deposition that occurs during overbank events (floodplain
vertical accretion). The channel bed aggrades if more bed material comes into
control volume containing the channel bed than that. Bed material can enter the
channel due to in-channel transport from upstream or cut bank erosion, and exit
it due to in-channel transport or deposition on floodplain-attached point bars. The
dynamics of these sediment processes is summarized in Figure 2.4.
 
to floodplain due to
point bar formation 














Figure 2.4: Conceptual sketch of sediment dynamics in a channel-floodplain
complex. Blue dashed lines denote sediment source to the channel, red dotted
line denotes sediment sink from the channel and green dashed lines denote
sediment source to the floodplain, respectively.
Channel slope changes as a consequence of channel bed aggradation / degra-
dation. It can also change in response to change in planform sinuosity; channel
length grows due to lateral shift of the channel, and hence channel slope decreases,
whereas channel length shortens due to meander cutoffs, and hence channel slope
locally increases. It is worth noting that these processes of adjustment take place
at different timescales; i.e. a timescale of hours for surface resistance and up to




2.3.1 Role of overbank flow and lateral channel shift
If one assumes that there is no mechanism to lower the floodplain elevation,
it would be expected that the frequency of overbank flooding decreases over time,
as bankfull depth increases each time the river experiences overbank flooding and
consequent overbank deposition (Wolman and Leopold, 1957). Flood frequency
analysis, however, shows that bankfull discharge typically has a 1-2 years recur-
rence interval (Dunne and Leopold, 1978; Wolman and Leopold, 1957), indicat-
ing that overbank flooding occurs rather frequently. Lateral channel shift has been
recognized as an important agency for maintaining channel geometry as well as
river planform (Howard and Knutson, 1984; Lauer and Parker, 2008b,a,c; Stølum,
1996; Wolman and Leopold, 1957). A typical cross-sectional profile from outer
cut bank to inner depositional bank (point bar) exhibits a cut bank elevation that
is higher than that of the newly created point bar at the inner bank. This is be-
cause a meander bend typically erodes into older floodplain, which has experi-
enced a greater number of overbank depositional events than the relatively new
floodplain at the inner bank (Figure 2.5; Lauer and Parker, 2008c). This imbal-
ance between the heights of opposing floodplains therefore leads to net erosion of
sediment from the floodplain when the channel migrates, so reducing the average






















Figure 2.5: (a) A meander bend of the Trinity River near Romayor, TX, USA
(image from Google Earth) and (b) conceptual sketch of typical meander bend.
Note that the outer eroding bank often exhibits a higher elevation than the
newly-deposited inner bank.
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2.3.2 Channel width adjustment; the role of natural armoring and vegetation
When cut bank erosion widens the channel, one of the consequences is the
overall reduction of bed shear stress. This in turn leads to “bank-pull” channel
shift, in which reduced bed shear stress enhances construction of the inner bank.
In a similar manner, when inner bank point bar deposition narrows the channel,
the result is “bar-push” induced cut bank erosion (Eke et al., 2014b,a; Parker et al.,
2011; van de Lageweg et al., 2014). If water discharge is specified, the river would
be expected to find an optimal width in which inner bank point bar depositional
migration keeps pace with cut bank erosional migration.
Erosion of the cut bank can be moderated by natural armoring due to e.g.
slump blocks or tree stumps that fall into the channel as it erodes. Parker et al.
(2011) suggest that slump blocks, which typically include cohesive sediment and
vegetation, armor the eroding bank, so that slump block residence time governs
the bank erosion rate. They also emphasize the role of vegetation in regulating
inner bank point bar deposition; the point bar becomes stabilized and attaches
itself to the floodplain as vegetation colonizes the point bar surface. Thus, the
time scale of vegetal encroachment dominates the inner bank point bar deposition
time scale.
2.3.3 Toward the equilibrium state and the role of the FDC
The arguments presented above suggest that flow variation plays an impor-
tant role in channel evolution. For instance, high flows (i.e., overbank flooding or
moderately high discharges) are required for vertical accretion and cut bank ero-
sion, whereas lateral accretion may be more favored by lower flows (Asahi et al.,
2013; Vargas-Luna et al., 2018). The question I address in this work concerns
how a natural alluvial meandering river selects its bankfull discharge from the
wide range of flows that it experiences as well as its bankfull channel geometry.
Here, I hypothesize that the river sets its bankfull characteristics to achieve
an overall, reach-averaged equilibrium state. In this equilibrium state the river
system is able to i) maintain a balance between floodplain erosion due to cut bank
erosion and floodplain construction due to vertical and lateral accretion, and ii)
transport the supplied sediment from upstream to downstream without causing
overall bed aggradation and degradation. The causal agents of channel deforma-
tion include a) cut bank erosion, b) inner bank point bar deposition, c) overbank
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floodplain deposition, and d) channel bed aggradation / degradation. In the present
modeling framework, the FDC specifies the degree of flow variability as well as
the exceedance probability of each flow, and thus serves as a tool to quantify the
effect of channel processes a) – d).
2.4 Modeling framework
This modelling framework of bankfull channel characteristics evolution to-
ward reach-averaged equilibrium is presented here. More specifically, reach-scale
sediment dynamics and associated change in floodplain elevation, channel bed
channel bed elevation, and change in relative positions of cut bank and inner bank,
are simulated. On the basis of this proposed hypothesis, I design the model so as
to find the optimal reach-averaged bankfull channel geometry and bankfull dis-
charge at which the overall net sediment material flux within the reach of interest
becomes zero in the equilibrium state.
I point out here that this model is “broad-brush” in nature. I do not model
full hydrographs, but instead abstract these to FDC. In addition, I do not model the
details of meandering migration, as done in Asahi et al. (2013); Eke et al. (2014b)
and Eke et al. (2014a), but instead abstract the problem to the reach-averaged
effects of migration and overbank flow on a reach containing many bends, quan-
tified in terms of a characteristic sinuosity and curvature. These simplifications
allow for a tractable formulation which can be used to estimate both short-term
and long-term river response to e.g. changing FDC, sediment supply or bank veg-
etation characteristics.
2.4.1 Modeling planform and cross-section
Figure 2.6 shows the modeling planform and cross-section. For simplicity,
I consider channel-floodplain complex to be composed of two vertical sediment
layers: a lower layer consisting of bed material overlain by an upper layer which
includes cohesive material. I refer to this latter material as floodplain material.
Floodplain material is assumed to be so fine that it does not interact with or deposit
on the channel bed (i.e., washload), whereas it does deposit on the floodplain
during overbank flows (floodplain vertical accretion). Bed material deposits, on
the other hand, on both the channel bed and floodplain through point bar formation
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(floodplain lateral accretion). The rectangular channel is considered, and bankfull
depth is defined as the distance between the top of the upper layer of floodplain
material and the channel bed:
Hb f = ηU −ηB (2.1)
where ηU and ηB denote elevations of the top of the upper floodplain layer and
the channel bed, respectively. It should be reminded that the cut bank elevation is
considered to be higher than that of the inner bank, and ηU represents the averaged























Figure 2.6: Modeling (a) planform and (b) cross-section.
It is assumed that overbank deposition occurs only within the width of the
meander belt, since most of the sediment deposits proximal to the channel to cre-
ate natural levees (Aalto et al., 2008; Day et al., 2008). It is further assumed that
reach-averaged channel sinuosity does not change over time since the effect of
channel elongation due to lateral channel shift can be canceled out by the effect of
channel shortening due to meander cutoffs (Frascati and Lanzoni, 2009; Hooke,
2003; Stølum, 1996)
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2.4.2 Floodplain and channel bed sediment mass balance
Floodplain material conservation
Floodplain material, which can only deposit on the top of floodplain dur-
ing overbank flooding, is removed from the floodplain due to cut bank erosion.
The eroded material does not redeposit on the adjacent floodplain or channel bed;
rather it is transported downstream. Thus, assuming constant sediment density,

















where BMB is meander-belt width. This width is calculated as a constant multiple
of Bb f (i.e., BMB = φMB, where φMB is specified ratio). Also, HU is the thickness of
the upper cohesive layer (i.e., HU = ηU - ηL), vD is the overbank deposition rate,
cE is the cut bank erosional migration rate, and p(Q) is the probability density of
discharge corresponding to the derivative of the FDC. In other words, running the
model requires conversion of the FDC into the probability density function (Figure
2.3). It should be noted that the first term in the RHS which describes sediment
addition to the floodplain, is integrated only from Q = Qb f to infinity, indicating
that overbank deposition takes place only when the discharge is above bankfull
discharge. The second term in the RHS describes sediment removal from the
floodplain due to cut bank erosion. This term is integrated from Q = 0 to infinity,
indicating that cut bank erosion occurs during both below- and above-bankfull
state.
Bed material conservation
Bed material enters and leaves the reach of interest only through in-channel















in which Ω denotes a specified channel sinuosity, λp denotes sediment poros-
ity, QT denotes in-channel bed material load, and xV denotes down-valley co-
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ordinate, respectively. Note that the term (1−λp)Bb fηB quantifies the volume





ηL represents the sediment stored per unit river valley
distance in the lower non-cohesive layer of the floodplain (Fig. 2.6b).
Equation 2.3 can be further decomposed to describe the sediment dynamics
in two regions: the channel region and the floodplain region (Fig. 2.6b). Bed
material can enter the channel region due to i) in-channel transport from upstream
and ii) cut bank erosion. It can leave the channel region, on the other hand, due to
a) in-channel transport downstream and b) point bar formation. The bed material



















where ηPB is point bar height and cD is inner bank depositional migration rate,
respectively. Note that the equation captures net streamwise input/output of bed
material sediment (first term on the RHS of Equation 2.3) and net transverse in-
put/output of bed material sediment (second term on the RHS of Equation 2.3).
Bed material enters the floodplain region only due to point bar formation and
is removed only due to cut bank erosion. The bed material conservation equation














cE (Q) p(Q)dQ (2.5)
The significance of each term in the above equation can be seen via comparison
with RHS of 2.3 and RHS of 2.4.
Channel deformation
The channel widens when the migration rate of the outer bank associated
with cut bank erosion occurs at a higher rate than the migration rate of the inner
bank due to point bar deposition. Conversely, the channel narrows when the inner
bank point bar depositional migration rate is greater than the cut bank erosional
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cD (Q) p(Q)dQ (2.6)
Bankfull depth evolution is calculated by Equation 2.1, as a result of channel
aggradation/degradation and bank top elevation change, and the down-channel
slope variation is calculated by Equation 2.4, as a result of the channel bed eleva-
tion change, respectively.
Point bar height HPB is calculated rather than specified in the framework. It
is estimated as a function of channel geometry as follows (Fig. 2.7). First, it is
assumed that the point bar height is obtained as the product of Bb f and channel
bed transverse slope St as follows:
HPB = Bb f St (2.7)
It should be noted that I do not explicitly consider the transverse profile of the bed;
it is considered only implicitly in estimating point bar height (Fig. 2.7). I employ





where A is an order-one constant and RC is a characteristic radius of curvature
of the meander bend. A “typical value” of 4.81 is utilized for the value of A in
this analysis (Johannesson and Parker, 1989a). It is then assumed that RC can be
calculated as a function of the specified characteristic ratio of BMB to Bb f (= φMB)





Bb f (Ω−1) =
φMB
Ω−1 (2.9)
Equation 2.9 indicates that for given ratio of meander belt width to channel width
φMB, higher sinuosity leads to higher meander curvature (hence smaller radius of















Figure 2.7: Sketch of natural point bar and modeled point bar.
2.4.3 Sub-equations for closure
Hydraulics
Once the channel geometry is known, bankfull discharge Qb f is calculated
using the momentum balance equation for the flow, assuming that the flow is
steady and uniform (i.e., normal flow assumption), as follows:
Qb f = Cz
√
gHb f ScHb f Bb f (2.11)
where Cz is a specified dimensionless Chezy channel resistance coefficient, and
g is gravitational acceleration, respectively. In a similar manner, in-channel flow








Bed shear stress, which is used to quantify bed material load as well as bank
erosion/deposition, is evaluated in terms of dimensionless bed shear stress, or








in which τ is dimensional bed shear stress, ρ is the density of water, R is the sub-
merged specific gravity of sediment (= 1.65 for quartz), and DBM is the median
grain size of bed material, respectively. Once the flow inundates the floodplain,
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the thread of high velocity of the flow needs no longer follow the channel. Further-
more, added resistance due to the complexity at the channel-floodplain transition
acts to suppress the increase of bed shear stress as the flow goes overbank (Blom
et al., 2017; Knight and Demetriou, 1983). Thus, I assume that Shields number










This assumption concerning the bed shear stress applies to cut bank erosion, inner
bank point bar deposition and in-channel bed material transport as well.
Cut bank erosion and inner bank deposition
Bank erosion is typically followed by the failure of the upper cohesive layer
and the production natural armor units such as slump blocks. These in turn pro-
tect the bank from erosion and thus moderate the erosion rate (Andrews, 1982;
Parker et al., 2011). Here, it is assumed that the long-term cut bank erosion rate
is dominated by the characteristic residence time of a slump block TSB. Following
the modeling framework of Parker et al. (2011), which has been implemented by
Asahi et al. (2013) and Eke et al. (2014b,a), the cut bank erosional migration rate
















where φC denotes a specified characteristic ratio of the slump block size DSB to the
upper cohesive layer thickness (i.e., φC = DSB/HU ). The cE is calculated based
on a channel geometry of meander bend, where the most rapid cut bank erosion
process is expected. Note that the value is divided by 2 in the RHS of Equation
2.15. In order to estimate cut bank erosional migration rate of the entire meander
including the meander bend and relatively straight segment, it is divided by 2.
Equation 2.15 indicates that a higher bed shear stress leads to faster erosion. The
Shields number is normalized by its bankfull value, which is in turn computed
based on bankfull geometry. In this context, then, TSB represents the reference
residence time of the slump block at bankfull conditions. It is worth emphasizing
that slump blocks provide one of several ways of armoring the bank. Tree stumps
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and root wads, for example, can also be a factor in armoring the bank (Eke et al.,
2014a; Konsoer et al., 2012).
Inner bank point bar deposition is typically accelerated and accomplished
when vegetation colonizes the point bar (ASCE Task Committee and of River
Width Adjustment, 1998; Vargas-Luna et al., 2018). I consider a case for which
vegetation encroachment rate dominates the long-term inner bank point bar depo-
sitional migration rate (Asahi et al., 2013; Eke et al., 2014b,a; Parker et al., 2011).
The inner channel depositional migration rate cD is estimated using characteristic










Here, cV EG represents the speed of vegetational encroachment absence of flow.
Equation 2.16 suggests that a higher bed shear stress suppresses the vegetal en-
croachment rate, and thus slows down the inner bank point bar depositional mi-
gration rate. The cD also represents the “meander averaged” value, hence it is
divided by 2.
Eke et al. (2014b) suggest that TSB should be on the order of one year, and
that cV EG is as-yet poorly constrained but can be estimated by field measurements.
Although the importance of riparian vegetation in river morphodynamics has been
increasingly recognized (e.g., Hey and Thorne, 1986; Hickin, 1984; Perucca et al.,
2007; Zen et al., 2016), studies on this subject are still in a relatively early stage
(see Camporeale et al., 2013, for a comprehensive review), and thus further in-
vestigation is necessary. In this simple framework, I employ the first-order, yet
physics-based treatment for bank processes first proposed by Parker et al. (2011).
Overbank deposition
The volumetric overbank deposition rate vD is given as a function of the
settling velocity of the specified characteristic grain size of the floodplain material
vF and specified volumetric concentration of suspended floodplain material during
flooding CFM as follows (Lauer and Parker, 2008b):
vD = φevFCFM (2.17)
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The settling velocity should be calculated for given characteristic floodplain mate-
rial size using a relation such as one by Dietrich (1982). Here, φe is a fractional ef-
ficiency of floodplain deposition (i.e., φe = 0: no deposition, φe = 0: all floodplain
material deposits), which can be interpreted as the sediment trapping efficiency of
floodplain vegetation (Church and Ferguson, 2015).
Bed material transport rate
The relation proposed by Engelund and Hansen (1967) for estimating the in-
channel total bed material load QT . In the context of the present work, the relation












where αEH is an order-one calibration parameter. Although the total load rela-
tion by Engelund and Hansen (1967) is recognized as one of the best predictors
of total load in sand-bed rivers/flumes (Brownlie, 1982), significant scatter in the
comparison between measured and predicted values is still seen. Thus, it is rec-
ommended that Equation 2.18 be tested against the measured data with the knowl-
edge of known bankfull channel geometry, and that the calibration parameter αEH
be adjusted to eliminate discrepancy. The calibration procedure will further be
discussed in a later section.
2.5 Demonstration of model implementation: Trinity River, TX, USA
Here, I demonstrate an implementation of the model presented above. The
model implementation requires the knowledge of modern bankfull characteristics
and the record of i) daily flow, ii) suspended sediment, and iii) the GSD of both
bed material and suspended load. A reach near a USGS gaging station with long
history of water quality measurements as well as flow measurements is therefore
recommended. In this example case, a 20-km reach of river valley of the Trinity
River near Romayor, TX, USA (USGS gage ID 08066500) is selected. The model
implementation procedure is presented below.
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2.5.1 Input parameters
The FDC is developed using the record of daily average discharge. Char-
acteristic bed material size DBM is obtained from the GSD of the bed sediment.
The observed annual bed material load is casted as the bed material feed rate
QT, f eed , and is calculated from the suspended sediment rating curve, the GSD of
the suspended load, which provides the fraction of the bed material in the sus-
pended sediment load (using 62.5 µm as the cutoff size above which sediment is
treated as bed material Council et al., 2007), and the FDC. The suspended sedi-
ment rating curve and the GSD of suspended load are also utilized to determine a
characteristic volume concentration of the floodplain material during flood CFM.
In the absence of direct measurements of bed load at the gaging site, I assume
as a first approximation that bed load comprises a negligible fraction of total bed
material load compared to bed material load in suspension. Channel resistance
is estimated by back-calculating Cz using Equation 2.11 with the knowledge of
modern bankfull characteristics, and reach-averaged channel sinuosity Ω is esti-
mated by measuring both channel length and valley length of the reach from e.g.
satellite images. In this way I find that DBM = 0.35 mm, QT, f eed = 0.22 Mt/yr,
CFM = 2x10−5, Cz = 14, and Ω = 1.8, respectively (Table 2.1). Modeled reach
length LR is 20 km, spatial grid size dxV is 1000 m, and time step dt is set to 0.1
yr, respectively. It should be kept in mind that the FDC is also an input parameter;
and the one shown in Figure 2.2 is utilized in this demonstrative case.
2.5.2 Model calibration
Here, several parameters are calibrated so that the model predicts, in the final
equilibrium state, bankfull characteristics that are sufficiently close to the values
observed in the field.
As mentioned in the previous section, the use of the Engelund-Hansen total
load relation likely requires a calibration. In this framework, it is accomplished
by adjusting the parameter αEH so that Equation 2.18 predicts, with knowledge
of modern bankfull channel geometry (i.e., Qb f = 700 m3/s, Hb f = 3.85 m, Bb f =
190 m, and Sc = 0.00012 Eke et al., 2014a; Smith, 2012) and DBM (= 0.35 mm) as
well as the FDC, an annual transport rate of bed material load that is equal to the
observed value. In this example case, it is found that the use of αEH = 0.45 results
in a predicted total bed material load that is equal to the observed bed material
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load of 0.22 Mt/yr (Table 2.1).
In the absence of direct measurements on slump block residence time, veg-
etation encroachment rate and floodplain sediment trapping efficiency, these pa-
rameters are treated as calibration parameters. More specifically, the values of
TSB, cV EG and φe are selected in such a way that the model produces bankfull
characteristics to be sufficiently close to modern observed field values. I find that
the use of TSB = 0.1 yr, cV EG = 8 m/yr and φe = 0.1 produces satisfactory results
(the resulting values are presented below). The physical interpretation of these
parameters is as follows: i) natural bank armor (e.g., slump blocks) breaks down
in 0.1 years under constant bankfull conditions; ii) about 5% of the channel width
will be vegetated if the flow does not rip out the vegetation on the point bar; and
iii) 10% of the sediment that is available for overbank deposition deposits and the
remaining 90% is re-entrained into suspension.
2.5.3 Boundary condition and initial condition
Initial conditions for channel bankfull geometry can be defined arbitrarily.
In this demonstration, the initial bankfull geometry is set so that the model run
predicts channel narrowing, deepening and overall bed aggradation. Thus I select
Hb f ,I = 3 m, Bb f ,I = 220 m, and Sc,I = 8x10−5, where the subscript “I” denotes the
initial value. With Cz = 14 and Equation 2.11 it is found that the initial bankfull
discharge Qb f ,I = 448 m3/s.
At the upstream end of the modeled reach, QT is specified as the annual feed
rate (QT = QT, f eed , where QT ,feed is observed annual bed material load). At the
downstream end, the initial channel bed elevation ηB,d takes an arbitrary value
(chosen to be 10 m here for convenience), and the initial channel bed profile is set
using this value and an arbitrary initial bed slope Sc,I . No backwater effects, base
level change or geotectonic activities such as uplift are considered. The effect of
tributaries are also excluded in this simple framework.
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Table 2.1: List of model input parameters for the case of the Trinity River, TX,
USA. Note that the FDC, which is shown in Figure 2.2, is also an input
parameter.
Parameter Value Units Description
DBM 0.35 mm Characteristic bed material grain size
DFM 0.04 mm Characteristic floodplain material grain size
Cz 14 – Dimensionless Chezy channel resistance co-
efficient
Ω 1.8 – Characteristics channel sinuosity
φMB 10 – Characteristic ratio of BMB to Bb f
φc 1 – Characteristic ratio of slump block size to co-
hesive layer thickness
TSB 0.1 yr Characteristic slump block residence time
cV EG 8 m/yr Characteristic vegetation encroachment rate
φe 0.1 – Fractional efficiency of overbank deposition
αEH 0.45 mm Bed material load relation calibration coeffi-
cient
QT, f eed 0.22 Mt/yr Annual bed material load supply rate at the
upstream end
CFM 2x10−5 – Characteristic volume concentration of flood-
plain material during overbank flooding
Bb f ,I 220 m Initial bankfull width
Hb f ,I 3 m Initial bankfull depth
Sc,I 8x10−5 – Initial down-channel slope
ηB,d 10 m Initial channel bed elevation at the down-
stream end
NFDC 100 – Number of bin for discretizing FDC
LR 20 km Modeled reach length (valley length)
dxV 2000 m Spatial grid size
dt 0.1 yr Time step
2.5.4 Model results: base run
Figure 2.8 shows the spatiotemporal evolution of parameters from the arbi-
trarily selected initial conditions to the final equilibrium values 3000 years later
(at 2500 years, temporal change in e.g. Bb f becomes less than 1%). In Figure
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2.8 the spatiotemporal change in (a) Qb f , (b) Hb f , (c) Bb f , (d) Sc, (e) ηB, (f) cE
and cE , (g) vD, and (h) QT are illustrated. A high rate of bed aggradation drives
relatively rapid channel deformation over the first 500 years. Subsequently, then
channel adjusts more slowly to reach its equilibrium state at around 2500-3000
years. It is seen from the figure that the bankfull channel deepens and narrows,
the longitudinal channel profile steepens and the bankfull discharge increases over
time (Figure 2.8a-d). Owing to the temporal increase in Qb f , flooding becomes
less frequent, so that vD decreases with time (Figure 2.8e).
After a sufficiently long time (i.e., 3000 years), all parameters find their equi-
librium values at which they no longer vary in either time or space. In addition,
the bed material transport rate equilibrates to the supply rate. In the final equi-
librium state, the values Qb f = 753 (700) m3/s, Hb f = 3.9 (3.85) m, Bb f = 203
(190) m, Sc = 0.00012 (0.00012), cE = cD = 3.7 (2.3) m/yr, vD = 0.008 m/yr and
QT = 0.22 (= QT, f eed) Mt/yr are predicted by the model (values in parenthesis are
observed value reported in Eke et al., 2014a; Smith, 2012). This predicted Qb f
can be spotted in the specified FDC; it reads 8% time-exceeded. These predicted
results are very close to the modern observed bankfull characteristics; the model
has been calibrated to achieve this. This run is referred to as “base run” in the
following sections.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 2.8: Results of sample model run (base run) based on the data from
Trinity River, TX, USA. Figures shows spatial and temporal variation of (a)
bankfull discharge; (b) bankfull depth; (c) bankfull width; (d) down-channel
slope; (e) channel bed elevation, (f) cut bank erosion rate (solid line) and inner
bank deposition rate (dashed line); (g) overbank deposition rate; and (h) bed
material transport rate.
2.5.5 Model behavior and sensitivity to various input parameters
A simple analysis is performed in order to assess the effect of the variation in,
and the model sensitivity to, the user-specified parameters used in the calibration.
The tested parameters include characteristic slump block residence time TSB, char-
acteristic vegetation encroachment rate cV EG, fractional efficiency of floodplain
sediment trapping φe, and the calibration factor αEH in the Engelund-Hansen to-
tal load relation. Note that varying φe is equivalent to varying characteristic flood-
plain material concentration CFM (see Equation (2.17)), and that varying αEH is
equivalent to varying bed material feed rate QT, f eed (see Equation (2.18)). Each
tested parameter is varied from 0.5 to 2 times the values that are used in the base
run shown in Table 2.1. An illustration as to how this is done is as follows: in
the case of characteristic slump block residence time. TSB is multiplied by 0.5,
0.75, 1, 1.25, 1.5, and 2 (i.e., TSB / TSB,base = 0.5, 0.75, 1, 1.25, 1.5, and 2, where
the subscript “base” refers to the base value shown in Table 2.1), and the other
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parameters are held at the base values. The values of Qb f , Hb f , Bb f , and Sc in the
final equilibrium state are then examined. Similar calculations are performed by
varying cV EG, φe, and αEH in the same way.
Figure 2.9 shows the complete results of the analysis. Here I summarize
salient results from the figure. Bankfull discharge Qb f and bankfull width Bb f
decrease, but bankfull depth Hb f mildly increases, and longitudinal channel slope
Sc remains relatively unchanged with increasing slump block residence time TSB.
Qb f and Bb f decrease with increasing vegetation encroachment rate cV EG, but
Hb f and Sc remain relatively unchanged. Qb f and Hb f increase and Sc mildly
decreases, but Bb f remains relatively unchanged with increasing floodplain de-
position efficiency φe. Qb f and Hb f are relatively insensitive to changes in the
Engelund-Hansen calibration coefficient αEH , but Bb f shows a mild increase and
Sc shows a significant decrease. It is important to see that results for each com-
puted parameter remain within the same order of magnitude as an input parameter
is varied from 0.5x to 2x the base value.
Figure 2.9 shows that Bb f is highly sensitive to parameters that control cut
bank and inner bank migration (i.e., TSB and cV EG). Among parameters governing
bankfull characteristics, Bb f is the most sensitive to changes in the calibration
parameters, except for αEH , to which Sc shows the highest sensitivity. Meanwhile,




Figure 2.9: Model behavior in response to variation in input parameters: (a)
slump block residence time; (b) vegetation encroachment rate; (c) fractional
floodplain material deposition efficiency; and (d) the Engelund-Hansen
calibration factor. These parameters are normalized by their base values shown in
Table 2.1 (indicated with subscript “base”). The Y-axis is Qb f , Hb f , Bb f or Sc, as
indicated in the legend of the panel (a). These are also normalized by the base
value obtained from model base run of Table 2.1. The legend in panel (a) also
applies to panels (b)-(d).
2.6 Discussion
Numerous efforts have been made to predict bankfull characteristics of al-
luvial rivers. These include characterization of bankfull discharge in terms flood
frequency (Leopold et al., 1964; Wilkerson, 2008; Wolman and Leopold, 1957),
and in terms of an “effective discharge” (e.g., Wolman and Miller, 1960) or a
“dominant discharge” (e.g., Benson and Thomas, 1966). The calculation of the
effective discharge and the dominant discharge is typically performed based on
the specified channel geometry; however, these concepts do not inform us as to
how a river sets its channel geometry. Other researchers have correlated measured
values of bankfull width, bankfull depth, and bankfull slope to measured values
40
of bankfull discharge (Leopold and Maddock, 1953; Li et al., 2015; Parker et al.,
2007b; Singh, 2003; Trampush et al., 2014; Wilkerson and Parker, 2011). In ad-
dition, in some studies sediment yield (Sholtes and Bledsoe, 2016) or extremal
hypotheses (e.g., Eaton et al., 2004) have been used to predict bankfull character-
istics.
More recent researches have implemented elements of the present work. For
example, Lauer and Parker (2008b,a,c), Lauer et al. (2014), and Viparelli et al.
(2013) have invoked lateral channel shift as a causal agency of bank height re-
duction. The FDC has, moreover, also been implemented in previous modeling
studies in order to provide closure to relations that deal with bankfull channel
deformation (Blom et al., 2017; Lauer et al., 2014; Lauer and Parker, 2008b,a;
Viparelli et al., 2013). The focus of these modeling efforts, however, is not placed
on the natural selection of bankfull geometry or the evolution of bankfull char-
acteristics. For example, the modeling of Lauer et al. (2014) and Viparelli et al.
(2013) utilize the FDC and employ lateral channel migration to induce floodplain
elevation reduction. The objectives of these efforts are to simulate the long-term
sediment budget using sediment tracers. To achieve this goal, they employed sev-
eral simplifications such as fixed channel width and a specified lateral channel
shift rate.
None of these previous achievements place an emphasis on the natural se-
lection of bankfull discharge from a wide range of discharges. Moreover, no ex-
isting model has enough degrees of freedom so that the model chooses not only
its bankfull discharge but also its corresponding bankfull geometry with the aid
of physics-based sub-models. It is useful to note in this regard that this model-
ing framework does not invoke any extremal assumption such as the maximum
resistance formulation (Eaton et al., 2004), and does not require specification of
bankfull Shields number (e.g., Lauer and Parker, 2008b,a).
In this framework, the bed surface is treated in terms of a single representa-
tive grain size. Grain sorting is, however, of importance in river morphodynam-
ics, not only in coarse-grained systems (e.g., Ashida and Michiue, 1974; Hirano,
1971; Parker and Sutherland, 1990) but also fine-grained systems (Naito et al.,
2019). The extension to include the treatment of multiple grain size can be ac-
complished in relatively straightforward way (e.g., Lauer et al., 2014; Viparelli
et al., 2013); here I propose it as a future goal.
This analysis of the fundamental behavior of the model demonstrates that
bankfull width Bb f is highly sensitive to characteristic slump block residence time
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TSB and characteristic vegetation encroachment rate cV EG, and that channel slope
Sc is sensitive to the Engelund-Hansen coefficient αEH . It is also worth mention-
ing that while bankfull discharge Qb f , bankfull width Bb f , and bankfull depth Hb f
are relatively sensitive to TSB and cV EG, Sc is not sensitive to these bank parame-
ters. On the other hand, while Sc is sensitive to αEH , Qb f , Bb f , and Hb f are not
sensitive to this parameter for in-channel bed material load (Figure 2.9). Since the
total bed material load QT varies linearly with αEH (see Equation 2.18), this indi-
cates that in the long-term, an increase in bed material supply rate to the system
strongly affects longitudinal river profile but does not strongly affect the channel
cross-sectional profile. Meanwhile, modification of conditions related to riparian
vegetation, which are represented here in terms of TSB and cV EG, strongly affects
the cross-section profile but not longitudinal river profile.
The modeling framework presented here describes fundamental evolution
processes of a sand-bed meandering river utilizing the FDC and bed material sup-
ply rate, which partially capture hydrologic and river watershed characteristics.
The capability to assess the response of a river system to a variety of perturba-
tions in terms of time scale and magnitude of deformation at different time scales
and locations should provide a useful tool for engineering and geomorphic prac-
tice. The potential applications of this model, for example, include the assessment
of the river response to i) hydrologic regime change, which can be reflected in
the FDC, ii) riparian vegetation change, which can affect the bank processes, iii)
change in sediment supply due to e.g. dam installation, and iv) river restoration or
river engineering practice.
2.7 Conclusion
Two of the heretofore outstanding fundamental questions regarding alluvial
rivers is how an alluvial river selects its bankfull discharge among the wide spec-
trum of discharges that the channel conveys, and how the river sets its correspond-
ing bankfull channel geometry (i.e., bankfull width, depth, and down-channel
slope). Here, a new, simplified modeling framework for the co-determination
of bankfull discharge and bankfull geometry is presented. I hypothesize that for
given hydrologic and watershed conditions, which are represented in this new
framework in terms of the flow duration curve and bed material supply rate, the
river organizes its bankfull characteristics toward an equilibrium state. In this
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equilibrium condition, the river is able to i) maintain the balance between sedi-
ment added to the floodplain due to lateral/vertical accretion and sediment eroded
from the floodplain due to cut bank erosion, and ii) transport sediment at precisely
the rate that is supplied to the reach without causing overall bed aggradation or
degradation. With the aid of sub-models for a) cut bank erosion, b) inner bank
deposition, c) overbank deposition, d) in-channel bed material transport, and e)
conservation of sediment in the floodplain and channel bed, which can be evalu-
ated for any given flow duration curve, channel deformation is quantified at each
time step and at each spatial node. The role of vegetation is implemented implic-
itly in the outer bank erosion and overbank deposition sub-models, and explicitly
in the inner bank deposition sub-model. As noted above, however, the model is
broad-brush, an in particular there is much room for further investigation on the
interaction between riparian vegetation and riverbank morphodynamics.
The implementation of this model requires calibration of parameters for bank
processes and bed material transport. The calibration process is, however, rather
simple and can be performed with the knowledge of modern bankfull character-
istics and trial-and-error model test runs. The model user should keep in mind
that predictions for bankfull discharge, width, and depth are relatively sensitive to
user-specify bank process parameters (i.e., slump block residence time and vege-
tation encroachment), and not sensitive to the user-specify calibration parameter
for the bed material load, and thus sediment supply rate. The longitudinal channel
slope, however, is relatively sensitive to the bed material load parameter, and thus
sediment supply rate, but not sensitive to bank process calibration parameters.
The model can be utilized, for example, to assessment of the response of a
river system to climate change or land-use change, and the time that it is required
for the reach to transform from one state to another. The model can also be used
to diagnose the causal agency of river channel deformation.
I point out again that in the presented model, a meandering river must migrate
in order to establish its bankfull discharge and bankfull hydraulic geometry. Wol-
man and Miller (1960) have described how a channel with overbank flow but no
migration evolves: both the levees and the bankfull discharge continue to increase
in time, at ever decreasing rates.
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MODEL IMPLEMENTATION: THE EFFECT OF ALTERATION OF
THE FLOW DURATION CURVE ON THE BANKFULL CHANNEL
DEFORMATION
3.1 Introduction
The bankfull channel geometry (i.e., bankfull depth, width and longitudinal
channel slope) of an alluvial river can be modified due to various causes. These
causes include riparian vegetation removal, base level change, sediment discharge
regulation, and water discharge regulation (Church, 1995; Li et al., 2015; Page
et al., 2005; Wolman and Leopold, 1957). Owing to the nature of bankfull dis-
charge as an indicator of the flood capacity of the channel, the knowledge of bank-
full characteristics is essential for flood management (Doyle et al., 2007; Navratil
et al., 2006; Shields et al., 2008). Bankfull discharge and its reccurence inter-
val also serve as indicators of channel-floodplain ecological connectivity (Frazier
et al., 2003; Hill et al., 1991; Page et al., 2005).. Therefore the development of a
predictive tool for the degree of adjustment and adjustment timescale for bankfull
channel deformation represents a valuable goal for engineers, geomorphologists,
and river ecologists.
Sediment overfeeding can, for instance, induce channel bed aggradation and
reduction in channel capacity (Biedenharn et al., 2008; Leopold, 1973; Pizzuto,
2008; Shields et al., 2008). Reduction in sediment discharge due to e.g. regula-
tion typically results in downstream channel incision and bed surface coarsening
(Biedenharn et al., 2008; Church, 1995; Galay, 1983; MacArthur et al., 2008;
Naito et al., 2019), which can in turn trigger channel widening (Pizzuto, 2008;
Simon, 1989; Thorne et al., 1981). Channel widening can also be induced by
destabilization of banks due to, for example, removal of floodplain vegetation by
catastrophic events (Hubble and Rutherfurd, 2010; Schumm and Lichty, 1963).
On the contrary, increased growth rate of riparian vegetation can amplify rapid
vegetal colonization on bars such as point bars, and hence cause channel narrow-
ing (Murray and Paola, 2003; Pizzuto, 1994, 2008).
Hydrological regime change can also triggers deformation of the bankfull
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characteristics of an alluvial meandering river. For example, substantial channel
widening was reported as a result of water diversion into the Milk River in Alberta,
Canada. The water diversion did not increase peak flow; instead, it increased the
mean discharge (Bradley and Smith, 1984). The Minnesota River, MN, USA is an
another case that exhibits bankfull channel widening due to increased streamflow
(Lauer et al., 2017; Lenhart et al., 2013). Increase in mean annual precipitation,
together with crop-type alteration and drain-tile installation, are thought to be re-
sponsible for the observed hydrologic regime change (Novotny and Stefan, 2007;
Lenhart et al., 2013). An increase in shear stress acting on a bar such as a point
bar inhibits vegetal colonization, hence suppressing channelward inner bank mi-
gration (Lenhart et al., 2013). It it worth mentioning that in both of the cases of
reported widening, an increased rate of lateral channel shift was reported as well.
In this study, I implement the new framework developed in Chapter 2 for
the spatiotemporal evolution of bankfull characteristics of alluvial meandering
rivers. The model is designed in such a way that for specified a) flow duration
curve (FDC), which is the complement of the cumulative distribution function
of daily-averaged discharge, b) upstream mean annual bed material supply rate,
and c) parameters that represent the bank and floodplain processes, it predicts the
temporal and spacial evolution of bankfull characteristics from arbitrary specified
initial condition to the final equilibrium state. The FDC serves not only as one of
the closures to the governing equations, but also as the measure of flow variability.
Here I apply the model to the case of the Minnesota River, and specifically exam-
ine the role of hydrologic regime shift on bankfull discharge and bankfull channel
geometry. Owing to the ability of the model to account for discharge variability
with a statistical treatment, I further examine the effect of increases in extreme
discharge, base flow, and moderately high flow on the long-term bankfull channel
deformation. That is, I seek relative importance of increase in, for example, the
discharge exceeded 0.1% of the time, compared to increase in e.g. the discharge
exceeded 10% of the time in the specified FDC.
3.2 Model summary
In the previous chapter (Chapter 2), I propose a new modeling framework for
the spatiotemporal evolution of bankfull characteristics (i.e., bankfull discharge
Qb f , bankfull width Bb f , bankfull depth Hb f , and down-channel slope Sc) of a
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single-thread sand-bed meandering river. I consider a reach of channel-floodplain
complex within which the channel and floodplain exchange sediment via overbank
deposition and lateral channel migration. The reach is discretized into small sub-
reaches, and the model is solved numerically to determine the spatial variation of
the parameters. It should be noted that ours is a “broad-bush” model; it is not
intended to model the details of the migration of individual bends, but rather to
estimate “reach representative” bankfull characteristics, including migration rate.
The smallest spatial scale of the model, then, is one which includes several bends.
In this presented modeling framework, lateral channel shift drives overall
floodplain erosion and floodplain height reduction (Lauer and Parker, 2008b,a,c;
Viparelli et al., 2013; Wolman and Leopold, 1957). It is assumed that when hydro-
logical and geological settings are specified, the river system adjusts its bankfull
channel characteristics in such a way that the system is able to i) export the same
amount of sediment as that supplied to the system, so that the bed does not aggrade
or degrade, and ii) maintain the balance between the rate of sediment deposition
on the floodplain due to both lateral accretion and vertical accretion and the rate
of sediment removal from the floodplain due to cut bank erosion. The hydrologic
and geological conditions of the watershed are represented in terms of the FDC,
the mean annual bed material supply rate, a characteristic natural bank armoring
(e.g., slump block) residence time, characteristic point bar vegetal encroachment
rate, and sediment trapping efficiency due to vegetation during overbank states.
For the specified FDC, mean annual bed material feed rate and bank process
parameters, the model describes a) outer bank erosional migration and associated
floodplain lowering, b) inner bank depositional migration (lateral floodplain ac-
cretion), c) overbank sedimentation (vertical floodplain accretion), d) in-channel
bed material transport, e) momentum balance for the flow, and f) sediment conser-
vation. Bankfull channel deformation is then given as a result of the evolution in
the channel bed elevation, the floodplain top elevation, and lateral migration of the
outer bank and inner bank. Bankfull discharge is estimated using the momentum
equation for the calculated channel geometry (i.e., Bb f , Hb f , and Sc) and speci-
fied Chezy channel resistance coefficient Cz at each spatial and temporal point.
That is, if, for example, the rate of cut bank erosional migration is greater than
the rate of inner bank depositional migration, the bankfull channel widens and
hence bankfull discharge increases in time. The processes a)-f) are evaluated and
quantified by weighting the results for each discharge in the specified FDC, and
then summing over the FDC. After sufficient time, the model finds its equilibrium
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state at which bankfull characteristics do not further vary in both space and time.
3.3 Minnesota River: channel widening and hydrologic regime shift
Lauer et al. (2017) have reported that the Minnesota River (Figure 3.1) and
its major tributaries have been subject to widening at an average rate of 0.62 %/yr
(relative to the average width between 2000 and 2009) since the 1930s. Similarly,
Lenhart et al. (2013) have reported that rapid widening of the main stem of the
Minnesota River began later than 1966, which is after the extreme flood event of
1965 (Novotny and Stefan, 2007; Strub, 1965). Some studies have pointed out that
the major source of sediment has shifted from upland to near channel, primarily
due to this rapid channel widening (Belmont et al., 2011; Schottler et al., 2014).
Figure 3.2a shows the FDCs constructed from 80 years (1935 to 2014) of
daily average flow record at the United States Geological Survey (USGS) gaging
station (station 05330000) on the Minnesota River near Jordan, MN, USA (see
Figure 3.1). Figure 3.2b shows four probability density functions, corresponding
to the four FDCs. It should be noted that the model run requires transformation
of the FDC into probability density function. The total 80 years of record is di-
vided into four periods to construct four FDCs: FDC1 (1935-1954), FDC2 (1955-
1974), FDC3 (1975-1994) and FDC4 (1995-2014). Close examination of the
FDCs reveals that the hydrologic regime has shifted significantly toward higher
discharges after 1975 (or between FDC2 and FDC3). Considering the fact that
land use, which is mostly cultivated fields, has not significantly changed since the
1930s, drain-tile installation and crop-type change as well as annual precipitation
increase are thought to be primary causes of streamflow increase (Lauer et al.,
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Figure 3.1: Sentinel 2 satellite image of a reach of the Minnesota River near city
of Jordan, MN, USA. The color indicates the value of Normalized Difference
Water Index (NDWI, blue indicates high NDWI value and green indicates low
NDWI value). For scale, average bankfull width is about 100 m.
(a) (b)
Figure 3.2: Plots of (a) four FDCs and (b) corresponding probability density
functions, developed from daily average discharge collected at the USGS gaging
station near Jordan, MN (station ID 05330000). The total 80 years of record is
divided into four periods: FDC1 (1935 – 1954; blue line), FDC2 (1955 – 1974;
green line), FDC3 (1975 – 1994; red line), and FDC4 (1995-2014; cyan line).
3.4 Model application and analysis: the effect of the shift in the FDC on
bankfull channel evolution
Here the model is applied to a 20-km reach of the Minnesota River near
Jordan, MN, USA (Figure 3.1a), which is located approximately 80 km upstream
of the confluence with the Mississippi River. This reach is selected 1) because
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the USGS gaging station at Jordan provides all of measurement data necessary
for the model run, 2) because temporal change in the channel geometry is well
documented (Lauer et al., 2017; Lenhart et al., 2013), 3) to avoid the effect of
large tributaries such as the Le Sueur River and the Blue Earth River that deliver
large amounts of sediment to the Minnesota River, and 4) to avoid backwater
effects from the Mississippi River.
As opposed to the previous chapter (Chapter 2), in this analysis, I do not
model the spatial variation in bankfull characteristics, but rather place the focus
on how bankfull width Bb f and depth Hb f adjust in response to changed FDC. The
down-channel slope Sc is thus specified and held constant throughout the analysis.
As is discussed below, this can be justified due to the difference in the adjustment
time scale; the longitudinal profile adjustment takes much longer compared to the
width and depth to adjust (e.g., Buffington, 2012; Doyle and Harbor, 2003).
3.4.1 Model setup
Main input parameters
Model input parameters are characteristic bed material grain size DBM, di-
mensionless Chezy channel resistance coefficient Cz, reach-representative chan-
nel sinuosity Ω, characteristic ratio of meander belt width to bankfull width φMB
(i.e., φMB = BMB / Bb f , where BMB is meander belt width), characteristic ratio of
slump block size to upper floodplain cohesive layer thickness φc (i.e., φc = DSB
/ HU where DSB is the slump block size and HU is the thickness of upper flood-
plain sediment layer), mean annual bed material feed rate QT, f eed , characteristic
floodplain material grain size DFM, and characteristic volume floodplain material
concentration during overbank flow CFM. These values are selected following the
protocol in the companion paper. In this analysis, down-channel slope is specified
and set to Sc = 0.00022 (Li, 2014). The FDC is discretized into 100 bins, the river
valley is discretized into 2000 m of sub-reaches and the calculation time step is
set to be 0.1 year (i.e., NFDC = 100, dxV = 2000 m and dt = 0.1 yr). Initial channel
geometry is selected arbitrarily to Bb f ,I = 150 m and Hb f ,I = 3 m, respectively
(here the subscript “I” indicates the initial condition). The input parameters are
summarized in Table 1.
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Model calibration parameters
Prior to the main analyses, I calibrate the model, as is required for model
implementation (see companion paper). The calibration parameters are charac-
teristic slump block residence time TSB, characteristic vegetal encroachment rate
cV EG, fractional efficiency of overbank deposition φe, and the calibration param-
eter in the Engelund-Hansen total load relation αEH . Here, TSB and cV EG govern
the timescale of cut bank migration rate and inner bank deposition rate, φe governs
the magnitude of overbank deposition during overbank flow, and αEH adjusts the
Engelund-Hansen relation to be site-specific for the Minnesota River, respectively
The calibration is performed in such a way that the model predicts bankfull
characteristics and annual bed material load that are sufficiently close to observed
values in 1955 with the use of FDC1. In other words, I aim to reproduce Bb f =
85 m, Hb f = 5 (Lauer et al., 2017) and bed material load QT = 0.22 Mt/yr in the
modeled final equilibrium condition. It is found that the use of TSB = 0.1 yr, cV EG
= 10 m/yr, φe = 0.2 and αEH = 0.3 results in satisfactory results (Table 3.1). These
values are used throughout following analysis.
The model is now run with the given conditions and FDC1, from the arbi-
trarily set initial conditions to the final equilibrium state, after which the variables
do not change over time. It should be noted here that the variables do not change
over space since the down-channel slope, the variation of which would drive spa-
tial difference is set equal everywhere and held unchanged over time. After model
calibration, the predicted final equilibrium bankfull characteristics are found to be
Bb f = 84 m and Hb f = 4.9 m, sufficiently close to the observed values in 1955
(Bb f = 85 m and Hb f = 5 m Lauer et al., 2017). This result serves as the initial
condition for the following analysis. It should be mentioned here that there is no
direct field observation on Hb f , Lauer et al. (2017), for example, assumed that
there is no significant increase or decrease in Hb f .
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Table 3.1: List of model input parameters for the case of the Minnesota River,
MN, USA.
Parameter Value Units Description
DBM 0.3 mm Characteristic bed material grain size
DFM 0.04 mm Characteristic floodplain material grain size
Cz 13 – Dimensionless Chezy channel resistance co-
efficient
Ω 2 – Characteristics channel sinuosity
φMB 10 – Characteristic ratio of BMB to Bb f
φc 1 – Characteristic ratio of slump block size to co-
hesive layer thickness
TSB 0.1 yr Characteristic slump block residence time
cV EG 8 m/yr Characteristic vegetation encroachment rate
φe 0.2 – Fractional efficiency of overbank deposition
αEH 0.3 mm Bed material load relation calibration coeffi-
cient
QT, f eed 0.22 Mt/yr Annual bed material load supply rate at the
upstream end
CFM 1.5x10−4 – Characteristic volume concentration of flood-
plain material during overbank flooding
Bb f ,I 150 m Initial bankfull width
Hb f ,I 3 m Initial bankfull depth
Sc,I 2.2x10−4 – Initial down-channel slope
ηB,d 10 m Initial channel bed elevation at the down-
stream end
NFDC 100 – Number of bin for discretizing FDC
LR 20 km Modeled reach length (valley length)
dxV 2000 m Spatial grid size
dt 0.1 yr Time step
3.4.2 Model run: the effect of FDC alteration on channel deformation
With the model calibrated and run to the final equilibrium state with FDC1, I
next alter the hydrologic regime by changing the FDC from FDC1 to FDC2 with
other parameters held unchanged. I run for 20 years (i.e., 1955-1974) and then
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switch from FDC2 to FDC3. I again run for 20 years (i.e., 1975-1994) then FDC3
is altered to FDC4. The run continues for another 20 years (i.e., 1995-2014).
Figure 3.3 summarizes the effect of FDC alteration on the temporal change
in bankfull discharge Qb f , bankfull width Bb f , bankfull depth Hb f , elevations of
channel bed ηB and floodplain top (top of the upper floodplain cohesive layer)
ηU , outer bank erosional migration rate cE , inner bank depositional migration rate
cD, and overbank deposition rate vD. Black squares in Figure 3.3a-c indicate the
reported modern bankfull characteristics (i.e., Bb f = 107 m, Hb f = 5 m, and Qb f =
675 m3/s). The values of Bb f and Hb f are reported by Lauer et al. (2017), and Qb f f
is calculated from the momentum balance equation presented in the companion
paper (Equation (11) therein) using these reported values as well as Sc = 0.00022
and Cz = 13 (Table 3.1). The color in Figure 3.3 corresponds to the color in Figure
3.2a, where four FDCs are exhibited.
It is seen that when FDC1 is altered to FDC2, Bb f begins to increase slowly
over 20 years, from 83.7 m to 89.2 m, owing to slightly faster migration of the
outer bank than the inner bank (Figure 3.3b,e). Hb f , meanwhile, remains nearly
unchanged (from 4.9 m to 5.0 m over 20 years), and thus Qb f exhibits only a
slight increase as a result (from 545 m3/s to 589 m3/s; Figure 3.3a,c). Both the
channel bed and floodplain top aggrade slightly, and the overbank deposition rate
decreases slightly over time (Figure 3.3d,f) due to the temporal increase in Qb f ,
recalling that the frequency of overbank flow decreases with increasing Qb f . The
alteration from FDC2 to FDC3 leads to rapid bankfull channel deformation over
the next 20 years. Bb f rapidly increases, from 89.2 m to 109 m, due to aggressive
cut bank erosional migration, and Hb f also rapidly increases, from 5.0 m to 5.5 m,
due to aggressive overbank deposition. This rapid bankfull channel enlargement
results in a rapid increase in the bankfull channel capacity (from 589 m3/s to
833 m3/s). During the last 20 years, when FDC3 is replaced with FDC4, the
trend of rapid bankfull channel enlargement continues. That is, Bb f , Hb f , and
Qb f continue to increase rapidly at approximately the same rate as the previous
hydrologic regime; Bb f increases from 109 m to 120.2 m, Hb f increases from 5.5




Figure 3.3: Model results of bankfull channel deformation due to FDC alteration.
Blue lines are results due to FDC1 (spin-up run), green lines are from FDC2, red
lines are from FDC3, and cyan lines are from FDC4, respectively. Each plot
shows temporal evolution of (a) bankfull depth, (b) bankfull depth, (c) bankfull
discharge, (d) elevations of channel bed and upper floodplain layer top, (e) cut
bank erosion rate and inner bank deposition rate, and (f) overbank deposition
rate, respectively. Dashed-line in panel (b) is regression line by Lauer et al.
(2017). Black squares in panels (a)-(c) is reported values in 2015, for reference.
After 60 years of model run with the three hydrologic regimes (i.e., FDC2,
FDC3, and FDC4), Bb f increases from 83.7 m to 120.2 m, Hb f increases from 4.9
m to 5.9 m, and Qb f increases from 545 m3/s to 1020 m3/s, respectively. Thus,
the average increase rates of Bb f , Hb f and Qb f over the 60 years read 0.6 m/yr,
0.16 m/yr and 7.93 m3/s/yr, respectively. It is not possible to directly compare
the modeled values with field-measured values of Hb f , ηB, ηU , and vD due to
the lack of survey data. It should be recalled again that both Lauer et al. (2017)
and Lenhart et al. (2013) assume a constant value of Hb f in their studies, based
on a field survey and a modeling study, both by United States Army Corps of
Engineers. The modeled increase rate of Bb f , however, compares well with the
observed increase rate of 0.52 m/yr(Lauer et al., 2017).
Moreover, the predicted channel migration rate cMIG, which is defined herein
as the mean of cE and cD (i.e., cMIG = (cE + cD) / 2) reads cMIG = 4.4 m/yr at the
end of last 20 years of calculation with the FDC4 (Figure 3.3f). This overpredicts
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the reported channel migration rate of 1.55 m/yr, which is estimated by taking
average between 2000 and 2017. The presented model framework proposed in
the companion paper considers a characteristic channel cross-section at a mean-
der bend as a representative channel cross-section for the reach. Channel shift
is typically fastest at the meander bend compared to a relatively straight section
of the river, due to curvature-induced secondary flow (Frothingham and Rhoads,
2003; Johannesson and Parker, 1989b), and this might be the cause of the overpre-
diction of channel migration rate. It is worth emphasizing here, however, that the
predicted channel migration rate is of the same order of magnitude as the reported
value.
Bankfull channel widening is not necessarily triggered by hydrologic regime
change, as discussed above. Despite some degree of discrepancy between pre-
dicted values and measured values, however, the presented model run strongly
suggests that alteration in the FDC is potentially responsible for ongoing bankfull
channel widening in the case of the Minnesota River.
3.5 Discussion
3.5.1 Timescales of adjustment of longitudinal channel profile and
cross-sectional channel shape
In the model run presented in the previous section, I allow down-channel
slope Sc to vary over neither space nor time. This is based on the assumption
that the channel slope adjustment timescale is much greater than bankfull channel
cross-section (i.e., width Bb f and depth Hb f ) adjustment timescale. Aiming to
justify this assumption, I here examine the timescales of both longitudinal profile
adjustment and cross-sectional channel shape adjustment. This is accomplished
by comparing the timescales of bankfull geometry (i.e., Bb f , Hb f , and Sc) adjust-
ment in the following three scenarios:
• CASE 1: 100 km river valley reach with varying down-channel slope Sc,
• CASE 2: 20 km river valley reach with varying Sc,
• CASE 3: 20 km river valley reach with fixed Sc.
A reach of Minnesota River near Jordan, MN is considered for this analysis. Thus,
except for reach length LR, input parameters, presented in Table 3.1 and the FDC1
55
presented in Figure 3.2a are utilized. For CASE 1 and CASE 2, the initial down-
channel slope is set to Sc,I = 0.0001 (or 0.01%), whereas for CASE 3, it is set to
Sc,I = 0.00022 (or 0.022%), which is the final equilibrium value obtained in both
CASE 1 and CASE 2, and then held constant over time.
Figure 3.4 shows the temporal change in spatially-averaged values of Hb f ,
Bb f , and Sc for the three cases. Vertical dashed lines in each panel indicate the
time at which 90% of the adjustment in Hb f , Bb f , and Sc is achieved. It takes
4420 years, 900 years, and 100 years for CASE 1, CASE 2, and CASE 3 to attain
90% of the total channel deformation. The result indicates that a longer reach
requires a longer time to achieve equilibrium, and that the adjustment timescale
for width and depth is much smaller compared to the longitudinal channel profile
adjustment timescale. This result is in agreement with an argument raised by
Church (1995); the adjustment time scale of the river system depends on the size
of the system, and the longitudinal river profile adjustment takes longer compared
to the river sectional adjustment due to the large amount of sediment that must be
transported. This result also provides a justification to the presented assumption
of constant bed slope employed in the previous section. It is worth noting that
all three cases produce same equilibrium results; Hb f = 4.9 m, Bb f = 83.7, and
Sc = 0.00022, respectively. That is, final equilibrium channel geometry does not











Figure 3.4: Temporal variation in bankfull depth Hb f , bankfull width Bb f and
down-channel slope Sc for (a)-(c) CASE 1, (d)-(f) CASE 2 and (g)-(i) CASE 3.
Vertical lines in each panel indicates the time at which 90% of channel
deformation is accomplished.
I note here that the Minnesota River has been evolving since the end of the
last glaciation. A glacial outburst flood from Lake Agassiz carved out the present-
day valley of the Minnesota River (Glacial River Warren) about 10,000 years ago
(Anfinson, 2003; Gran et al., 2011; Wright, 1990). The relatively slow adjustment
rate for slope predicted for CASE 1 corresponds well with the present-day long
profile of the Minnesota River shown in Figure 3.5. It can be seen there that the
present-day profile shows a sharp drop in down-valley slope near the city of Jor-




Figure 3.5: The longitudinal profile of the Minnesota River valley centerline,
from Mankato to Fort Snelling, MN. The horizontal coordinate is down-valley
distance, and the vertical coordinate is floodplain elevation. The break in the
slope near Jordan suggests that the system is still adjusting since the end of last
glaciation about 10000 years ago. This is constructed from 30 m-spatial
resolution USGS Digital Elevation Model (DEM).
3.5.2 The importance of extreme event to significant channel deformation
The importance of rare extreme discharge, as opposed to relatively high fre-
quency moderate flow and base flow, is now studied for the case of the Minnesota
River. The four FDCs presented in Figure 3.2a are used for this analysis. Table
3.2 shows the discharges with 0.1%, 1%, 5%, 10%, 50%, and 90% exceedance
probabilities for FDC1-4. FDC2 has the highest value of the 0.1% exceedance
discharge Q0.1, which is due to the record flood event of 1965 (Novotny and Ste-
fan, 2007; Strub, 1965). Between FDC2 and FDC3, increases in the 5%, 10% and
50% exceedance discharges Q5, Q10 and Q50 are recognized. FDC3 and FDC4
show similar behavior, except for Q0.1 and Q90 (the latter estimating base flow
discharge).
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Q0.1 1560 2393 2124 2254
Q1 640 733 943 1464
Q5 357 388 629 637
Q10 227 267 456 450
Q50 34 42 78 87
Q90 6 11 10 20
With the goal of investigating the relative importance of the extreme flows,
I use the result of spin-up run presented in Section 4.1.3, which is obtained using
input parameters summarized in Table 3.1 and FDC1. It should be kept in mind
that the slope-fixed version of the model is utilized in this analysis as well. The
following three scenarios are tested:
• CASE A: FDC1 is altered to FDC2,
• CASE B: FDC1 is altered to FDC3,
• CASE C: FDC1 is altered to FDC4.
In each case, the model is run for 500 years after FDC alteration, which is suffi-
cient time for all the three cases to gain equilibrium.
Figure 3.6 shows the temporal variation of (a) bankfull width Bb f , (b) bank-
full depth Hb f , and (c) bankfull discharge Qb f for the three cases. CASE A, where
FDC1 is altered to FDC2, shows only a slight channel widening, deepening and
channel capacity increase. This result is consistent with the previous model run
presented in Section 4. When FDC1 is replaced with FDC4 (i.e., CASE C), on the
contrary, significant and continuous channel widening, deepening, and capacity
increase are predicted. When FDC1 is switched to FDC3 (i.e., CASE B), a rapid
increase in Bb f with behavior that is nearly identical to CASE C is predicted,




Figure 3.6: Temporal change in (a) bankfull width, (b) bankfull depth, and (c)
bankfull discharge for the three tested cases for the analysis on the importance of
extreme discharge on bankfull channel deformation. Legend in panel (a) applies
to panels (b) and (c).
Comparing three cases reveals that increase in Q0.1 and Q1, as well as Q90,
does not strongly affect bankfull channel deformation. In other words, neither
the increase in discharge corresponding to extreme flow nor that corresponding to
base flow is responsible for significant channel widening. Rather, the increases in
relatively high and frequent discharges and median discharge, i.e. Q5, Q10, and
Q50 play a more important role. The increase in relatively high and frequent dis-
charge can significantly restrain vegetal encroachment onto the inner bank, lead-
ing to a decrease in the inner bank deposition rate.
Comparing CASE B and CASE C suggests that the difference in the increase
of Q90 or Q1 might lead to the different behavior in the evolution of Hb f . It seems
that Qb f finds its equilibrium value first. It is possible that since Bb f monotonically
increases over time, even after Qb f finds the equilibrium value, Hb f must drop in
order to compensate for the increase in Bb f .
The resulting bankfull Shields number τb f ∗, longitudinal channel slope Sc,
and bed material grain size DBM are plotted in a form of the similarity collapse
relation proposed by Li et al. (2015) (Figure 3.1). The relation reads
τb f ∗ = β (D∗)−1 Scm (3.1)







The figure shows that the similarity plots of all case (including spin-up case)
are laying on top of each other. Given that the down-channel slope Sc and the
bed material size DBM are specified, it is inferred that the model predicts almost
identical equilibrium bankfull Shields number for all cases. It should be reminded
that the only parameters differ across the four cases (spin-up run, CASE A-C)
is the FDC; other parameters such as the bank process parameters are kept un-
changed. This results may thus indicate that the self-formed river establishes its
bankfull characteristics so that the channel is at the threshold at the bankfull state,
































Figure 3.7: Plot of Li et al. (2015) relation, plotted together with dataset used by
Li et al. (2015, black circles). Legend C 0 denotes Spin-up run, and legends
C A, C B, and C C denote CASE A, CASE B, and CASE C, respectively. Note
that the model results from all scenarios plot on top of each other.
3.5.3 Better predictor for bankfull discharge
The analysis presented in Section 5.2 merits greater discussion. In the final
equilibrium state, all three cases predict bankfull discharges Qb f nearly identical
to the 1% exceedance discharge Q1 despite the difference in the shapes of the
FDCs. More specifically, for CASE A, B, and C, the equilibrium states correspond
to the bankfull Qb f = 653 m3/s, 987 m3/s, and 1431 m3/s, respectively compared
to Q1 = 733 m3/s, 943 m3/s, and 1463 m3/s (Table 2; Figure 5). Additionally,
values of equilibrium Qb f and Q1 for the case of the spin-up run with FDC1 are
Qb f = 545 m3/s and Q1 = 640 m3/s. In other words, in the case of the Minnesota
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River, the 1% exceedance discharge can potentially serve as a predictor for the
equilibrium bankfull discharge.
Several researchers have reported the exceedance probability of the bankfull
discharge in a variety of environments (Andrews, 1980; Dury, 1961; Hey, 1998;
Navratil et al., 2006). The determination factors for the exceedance probability of
the bankfull discharge have, however, not been identified in those studies.
As demonstrated in Chapter 2, the final equilibrium bankfull characteristics
can vary significantly depending on model input parameters such as those con-
trolling lateral channel migration processes. With this in mind, a relation may be
found for the position of bankfull discharge on any specified FDC, as a function
of user-specified bank parameters (e.g., slump block residence time and vegetal
point bar encroachment rate) and bed material feed rate.
Alternately, it is found as shown in Figure 3.7 that bankfull Shields number
takes nearly identical values in all the tested cases. Remembering that bankfull
discharge corresponds to 1% exceedance flow in the specified FDC in all the
examined cases, an alternate relation can be expected to exist, relating bankfull
Shields number and the position of bankfull discharge in the flow duration curve.
Such relations would serve as a process-based predictor for bankfull dis-
charge, which has the potential to replace 1.5-year flood discharge. I pose this
problem as a future goal.
3.6 Conclusion
A modeling framework for the co-determination of bankfull discharge and
corresponding bankfull channel geometry (i.e., bankfull width, depth, and down-
channel slope) was developed in Chapter 2. Here it is applied to the case of the
Minnesota River, MN, USA, a meandering sand-bed alluvial river. The river sys-
tem has experienced rapid bankfull channel widening and hydrologic regime shift,
primarily due to crop-type alteration, drain-tile installation, and increased mean
annual precipitation. In this paper, I first investigate the effect of the altered flow
duration curve (FDC) on the bankfull channel of a reach of the Minnesota River
near Jordan, MN. To do this I use a 1-D numerical model, which predicts bankfull
discharge and bankfull geometry for a specified FDC. Historical records of daily
discharge are utilized to develop FDCs.
A total of 80 years (1935-2014) of daily water discharge records are divided
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into four periods, each 20 years long each, by chronological order to construct
four FDCs: 1935-1954 (FDC1); 1955-1974 (FDC2); 1975-1994 (FDC3); and
1995-2014 (FDC4). After model calibration and a spin-up run with FDC1, the
FDC is altered every 20 years to FDC2, 3, and 4. This alteration replicates the
observed hydrologic regime shift in the Minnesota River. The model predicts
relatively small changes in bankfull characteristics when the FDC is altered from
FDC1 to FDC2, whereas rapid bankfull channel widening and channel deepening
are predicted when FDC2 is replaced with FDC3. The same trend continues when
FDC3 is altered to FDC4. The model results show overall agreement with the
reported bankfull channel widening rate, indicating that shift in the FDC may
be the main cause of ongoing bankfull channel widening in the Minnesota River.
The lack of measurements of bankfull depth for all four periods prevents the direct
validation of the modeled behavior of bankfull depth.
The presented analysis on the timescale required to reach the final equi-
librium state suggests that the longitudinal profile adjustment timescale is much
greater than that for the adjustment of bankfull width and depth. Given this re-
sult, as opposed to the Chapter 2, down-channel slope is treated as a specified
parameter, fixed in space and time in this study on the Minnesota River channel
widening.
I further perform an analysis to investigate the most effective discharge on the
FDC for long-term bankfull channel deformation. First, a spin-up model run with
FDC1 is conducted until the reach reaches equilibrium. Three further cases are
considered, in which FDC1 is altered to FDC2, FDC3 and FDC4, respectively.
Comparison of the three cases suggests that an increase in extreme flows (i.e.,
discharges exceed 0.1% of the time) is not responsible for significant long-term
bankfull channel deformation. Rather, an increase in relatively frequent moderate
flows (i.e., 5%-50% exceedance) is more causative of substantial channel defor-
mation. An increase in the duration time of relatively high discharges leads to the
suppression of vegetation colonization at the inner bank, prevent it from stabiliz-
ing, resulting in channel widening. The outcome of this analysis suggests that, in
the case of the Minnesota River, a discharge exceeded 1% of the time serves as a
scale for equilibrium bankfull discharge. Given that predicted equilibrium bank-
full characteristics are dependent on model input parameters, it is expected that a
relation can be found that describes the position of equilibrium bankfull discharge
on the specified flow duration curve as a function of model parameters controlling
bank processes or bed material transport. Such a relation could replace 1.5-year
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flood discharge as the predictor of bankfull discharge.
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SUMMARY AND FUTURE WORK
A reach of a natural alluvial meandering river is subjected to water discharges
that considerably vary over time; from low flow that barely fills the channel to ex-
tremely high flow that inundates floodplain. The broad question inquired here is as
to how the bankfull channel geometry (i.e., width, depth, and longitudinal slope)
is co-determined to set the channel capacity, over a wide spectrum of possibilities.
Aiming to provide physical insight into this fundamental yet unanswered
question, in this study I first develop a simple modeling framework for co-construction
of bankfull discharge and bankfull channel geometry. The model describes phys-
ical processes that lead to the co-evolution of bankfull channel geometry and
floodplain toward an equilibrium state. Bankfull discharge is then calculates as
a product of bankfull channel geometry. The processes that are captured by the
model include i) cut (outer) bank erosional migration, ii) inner bank depositional
migration (i.e., lateral accretion of the floodplain), iii) overbank deposition (i.e.,
vertical accretion of the floodplain), and iv) streamwise bed material transport.
The model is developed based upon a hypothesis; a river reach adjusts itself
so as to attain equilibrium, in which overall net sediment flux becomes zero. This
applies both to sediment flux from upstream to downstream reaches and to sedi-
ment flux from floodplain to channel. That is, it is hypothesized in this modeling
framework that a river evolves its channel-floodplain complex toward the overall
zero net-sediment flux condition, where
a) the amount of sediment brought to the floodplain due to both lateral and ver-
tical floodplain accretion is in balance with the amount of sediment eroded from
the floodplain due to cut bank erosion, and
b) the amount of sediment entering the channel of the reach of interest is equiv-
alent to the amount of bed material leaving the reach, causing overall no bed
aggradation and degradation (i.e., bypass condition).
In order to reduce the complexity of the model, channel plan-form is assumed
to be in dynamic equilibrium. In other words, it is assumed that the effects of
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channel cutoffs (i.e., chute cutoff and neck cutoffs) are in balance and does not
influence the longitudinal channel slope at the reach scale.
The flow duration curve (FDC) is introduced as a way to take flow variability
into account in a probabilistic manner, and to close the model. Each modeled pro-
cess is integrated over the specified flow duration curve to quantify the degree of
bankfull channel deformation for a given channel geometry at each time and space
step. The model describes spatiotemporal evolution process of bankfull channel
characteristics, from arbitrary specified initial condition to the final equilibrium
state, where in the reach average no further channel deformation occurs wither
in time or space. The model thus, is capable of estimating the timescale that is
required for the reach of interest to attain the equilibrium state. I do not intend to
capture event scale channel deformation. Rather, the mean values around which
the bankfull variables fluctuate are sought.
Model input parameters include the FDC, mean annual bed material supply
rate QT, f eed , bed material transport relation calibration factor αEH , characteris-
tic residence time of bank armor (e.g., slump block) TSB, characteristic vegetal
encroachment rate into the point bar cV EG, characteristic fractional overbank sed-
imentation efficiency during overbank floes φe, and reach-representative channel
sinuosity Ω. The model application to any specific site requires that the model be
calibrated; the parameters αEH , TSB, cV EG, and φe are treated as the calibration
parameters.
The model implementation and model sensitivity analysis for the case of the
Trinity River, TX, USA suggest that the final equilibrium bankfull condition pre-
dicted by the model can vary depending on the input parameters. It is found that
equilibrium bankfull width and depth are sensitive to bank process parameters
TSB and cV EG but not sensitive to bed material transport parameter αEH (or equiv-
alently to QT, f eed). Longitudinal channel slope is, meanwhile, sensitive to αEH
but not sensitive to TSB and cV EG. This result implies that the effect of riparian
vegetation on bankfull channel characteristics can be significant, especially on the
cross-sectional channel shape.
The model is applied to the Minnesota River, MN, USA, where drastic bank-
full channel widening and significant hydrologic regime change, which is reflected
as the shift in the flow duration curve, have been observed over the last at least
80 years (Lauer et al., 2017; Lenhart et al., 2013). By altering the model input
flow duration curve, the effect of the hydrologic regime shift on bankfull channel
deformation is studied. The results show that the shift in the flow duration curve
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toward higher discharge can cause rapid bankfull channel deformation toward a
wider and deeper cross-section. In this analysis, the down-channel slope is spec-
ified and fixed over space and time since primary interest is placed on the change
in cross-sectional shape (i.e., width and depth).
The analysis also suggests that channel cross-sectional shape adjustment
timescale is much smaller compared to the longitudinal river profile adjustment
timescale, providing the justification to the use of slope-fixed model for this anal-
ysis, where decadal channel deformation is assessed. It should, however, be noted
that the slope adjustment timescale highly depends on the user-specified reach
length; a longer reach takes longer time to be adjusted.
Further investigation suggests that the increase in extremely high flows (e.g.,
0.1% exceedance flow) or base flows (e.g., 90% exceedance flow) is not respon-
sible for long-term significant bankfull channel deformation. Rather, increase in
moderate flows (e.g., 1-10% exceedance flows) is more responsible for change.
It is also found that in the case of the Minnesota River, the model pre-
dicts the equilibrium bankfull discharge be almost identical to 1% exceedance
flow in the specified flow duration curve, regardless of the shape of the probabil-
ity distribution. Previous analysis conducted in this study suggests that model-
predicted equilibrium bankfull condition is dependent on input model parame-
ters. More specifically, the equilibrium bankfull discharge is nearly independent
of αEH (hence QT, f eed). Rather, it is highly dependent of bank parameters and
overbank parameter (i.e., TSB, cV EG, and φe) This suggests that a relation can be
developed that locates the position of the equilibrium bankfull discharge in the
specified flow duration curve as a function of model feed parameters such as TSB,
cV EG, and φe. In this way, the relation captures riparian vegetation characteristics,
hydrologic characteristics, and sediment characteristics of a catchment. Such re-
lation would provide us a better tool to predict bankfull discharge, with physical
insight, and would also engender benefit across disciplines such as river restora-
tion, flood management, reconstruction of paleo-climate, and predicting future of
a river.
This study represents a first step toward understanding the physical bases of
bankfull characteristics of self-formed alluvial meandering rivers. Future work
should include the development of a relation that predicts equilibrium bankfull
discharge in the specified flow duration curve. In the relation, the position of
the equilibrium bankfull discharge on the given flow duration curve should be
related to parameters that describes catchment characteristics such as sediment
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yield, sediment caliber, and riparian vegetation. Such relation would serve as
as a better predictive tool of the bankfull discharge than classical 2-year flood
discharge.
Future work should also include the extension of current modeling frame-
work. It is assumed at this stage that the bed surface texture remains unchanged
over space and time. Grain sorting has well been recognized to comprise impor-
tant piece of river morphodynamics, not only in coarse grain systems (e.g., Hirano,
1971) but also in fine grain systems (Appendix B). Inclusion of grain sorting in
the modeling framework would benefit e.g. ecological assessment of a river reach,
hence widening usage to the model.
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APPENDIX A
TEMPORAL EVOLUTION OF CHANNEL SINUOSITY OF
MEANDERING RIVERS: APPLICATION OF REMOTELY SENSED
LANDSAT IMAGERY
A.1 Introduction
Single-thread meandering river represents one of the river channel classes,
which are first defined by Wolman and Leopold (1957), and other classes include
straight and braided channels. Channel sinuosity is first introduced by Wolman
and Leopold (1957). It is a ratio of sinuous channel length to the straight-line





Note that for straight channel, sinuosity is 1 (also see Figure A.1), and that by
definition sinuosity is equal or greater than 1. It is typically casted as one of the
measure to characterize the plan-form of a reach of a meandering river.
Figure A.1: Schematic description of channel sinuosity.
In the case of naturally meandering rivers, local sinuosity can change mainly
due to 1) channel elongation and 2) meander cutoffs, both owing to lateral shift of
the channel. The channel elongation results in the sinuosity increase by stretch-
ing the channel length with no change in the valley length. The meander cut-
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off, on the other hand, results in the sinuosity decrease by shortening the chan-
nel length. Since both channel shift and meander cutoff involve morphodynamic
channel process, rivers with high bed shear stress, which is typically utilized to
quantify the morphodynamic work (i.e. erosion and deposition) by flow, tend to
have higher spatiotemporal variation in the channel sinuosity. The local variation
of channel sinuosity modifies the flow field by changing the plan-form geometry
and local channel bed slope; when the sinuosity increases the bed slope declines,
whereas when the sinuosity decreases the bed slope increases (e.g., Eke et al.,
2014b; Hooke, 2003). Especially, neck meander cutoff can drastically increase
the rate of morphodynamic activity both upstream and downstream of the cutoff
location (Hooke, 2003; Schwenk et al., 2017). Local channel slope is one on the
critical knowledge in estimating the local flow rate and shear stress. Channel sin-
uosity is an indicator of the river state, and thus understanding the dynamics of
channel sinuosity is crucial in the flood management, floodplain management and
many other engineering practices and geomorphology studies.
Channel sinuosity has been studied intensively, first in the context of me-
ander amplitude and wavelength (Ikeda et al., 1981; Johannesson and Parker,
1989a), where a linear theory on the development of meanders was developed.
In accordance with the advance of computer technologies, numerical simulations
on the plan-form evolution became popular topic of study. Several novel works
include ones by Howard and Knutson (1984) and Stølum (1996). They both con-
ducted numerical simulation studies using simple sub-models for hydrodynamics
and plan-form evolution. Both of their model results indicated that in the long-
term quasi-equilibrium state, the reach-representative value of the channel sinuos-
ity fluctuates around a mean value. This mean value is maintained by the balance
between sinuosity growth due to channel elongation and sinuosity decrease due to
meander cutoffs. This finding was applied to various long-term river morphody-
namics models. for instance, Lauer and Parker (2004), Viparelli et al. (2013) and,
Li et al. (2015) employed spatiotemporal constant value of channel sinuosity in
their modeling work.
Hooke (2003) also conducted a numerical simulation on the plan-form evolu-
tion with more complicated configurations; flow field and morphodynamics pro-
cesses were modeled with more details. The result showed, in addition to similar
finding as Howard and Knutson (1984) and Stølum (1996), that when the system
is in critical (or equilibrium) condition multiple cutoffs occur at the same time
(referred to as “cluster” of cutoff therein). It is argued that this is due to the nearly
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instantaneous propagation of “shock” generated by one cutoff.
The long-term behavior of reach-averaged channel sinuosity, in which it fluc-
tuates around the mean value due to the balance between the effects of channel
elongation and cutoff, has long been recognized by means of numerical simula-
tions. This finding has, moreover, also been employed by other modeling studies.
However, direct observation of such behavior of the channel sinuosity is yet to
be made. The lack of comprehensive reach-scale measurements or remotely ob-
served data (e.g., satellite images) has been the major cause of this limitation.
In this study I conduct a satellite image analysis. More specifically, reach-
average value of the channel sinuosity is obtained from the Landsat images at
annual temporal scale to examine the behavior of the temporal variation of the
channel sinuosity value. The primarily objectives of this study is to i) provide a
direct observation-based support to the findings by the previously conducted nu-
merical modeling (e.g., Howard and Knutson, 1984; Stølum, 1996), where the
reach-characteristic channel sinuosity value fluctuates around the mean value at
the dynamic-equilibrium state, and ii) provide the justification to the use of con-
stant reach-representative channel sinuosity in the long-term river morphodynam-
ics modeling studies. Moreover, the occurrence of the ”cluster” cutoff is also to
be examined herein.
It should be mentioned here that comprehensive tools for the satellite image
analysis have recently been developed such as RivMAP (Schwenk et al., 2017)
and PyRIS (Monegaglia et al., 2018). These tools allow for the analysis on lateral
channel migration rate, plan-form dynamics, channel width variation, and sedi-
ment budget at reasonably high spatiotemporal resolution. Although these tools
are not designed for the reach-scale channel sinuosity estimation and analysis, the
implementation of their models to include such analysis is rather simple owing to
the structure of the model and user-friendly GUI.
A.2 Methodology
A.2.1 Landsat imagery
Landsat 5 TM (Thermal Mapper) and Landsat 7 ETM (Enhanced Thermal
Mapper) images are utilized in this analysis. Landsat 5 provides image dataset
starting in 1984 and ending in 2013, whereas Landsat 7 provides image dataset
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starting in 1999 and is still active today (2018). Both dataset provide 30 m spatial
resolution and 16 days temporal resolution imagery. Given the availability of the
images that can be used, images collected between 1984 and 2017 (i.e., total 34
years) are analyzed in this study.
Google Earth Engine is utilized to
a) select and draw the area of interest,
b) compose the images to create a cloud-free image, and
b) download images of band 2 (Green, or G), 3 (Red, or R), 4 (Near-Infrared, or
NIR), 5 (Mid-Infrared, or MIR), and 7 (Short Wave-Infrared, or SWIR) from the
Landsat 5 and Landsat 7 satellites.
The cloud-free images are constructed using Google Earth Engine built-in
algorithm ee.Algorythms.Landsat.simpleComposite as follows. First the time win-
dow is specified. The window needs to be small enough so that there is no drastic
change in the river plan-form, but large enough to increase the probability of each
pixel containing cloud-free pixel within the specified time window.
A.2.2 Image processing
Now a river channel mask is created. First, NDVI (Normalized difference
vegetation index) using R and NIR bands, and MNDWI (Modified normalized
difference water index) using G and MIR bands are calculated as follows:
NDVI = NIR−RNIR+R ,
MNDWI = MIR−GMIR+G .
(A.2)
Otsu thresholding method (Otsu, 1979) is then applied to create three binary
masks for NDVI, MNDWI and SWIR indexes. As an example, MNDWI and
thresholded MNDWI are shown in Figure A.2a and b, respectively. I utilize three
indexes to create a river mask; NDVI and MNDWI index are used to detect veg-
etation and water, and SWIR index is used to detect sediment along the channel
(such as point bars), respectively (Monegaglia et al., 2018). Exposed sediment
along/within a channel often corresponds to point bar or central bar, which are
submerged during high flow events. In other words, this exposed sediment is part
of the active channel, hence it needs to be considered in the analysis.
Now three binary images are combined to make a river mask by means of
binary morphological operations such as dilation, erosion, opening and closing.
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This procedure generally follows a method proposed by Monegaglia et al. (2018).
First, MNDWI mask is dilated. A binary and operation is applied to the dilated
MNDWI mask and NDVI mask to create the “intermediate” mask. A binary or
operation is then applied to the intermediate mask and SWIR mask to account
for the emerging channel sediment. Small objects and noises due to tributaries,
small water bodies and clouds are removed via binary opening operations and
iterative removal of small objects to create the “cleaned mask”. Figure A.2c shows
an example of the cleaned mask. It is noticed that not all of small objects and
branches are removed. The following procedures allows the ”cleaned mask” to




Figure A.2: (a) Image for MNDWI index, (b) image for thresholding MNDWI
index mask using Otsu method, (c) image for cleaned mask (small objects
removed), (d) image for skeletons for remaining objects. All for Ucayali River,
Peru in 2017. Note that both X and Y-axis show the number of pixel, and each
pixel is 30 m x 30 m resolution
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A.2.3 Channel length and valley length extraction
To compute the channel length, skeleton of the river mask (i.e., ”cleaned
mask”) is created. A Python package fil finder (Koch and Rosolowsky, 2015) is
utilized for this process. This package provides various tools for image analysis
such as image masking, skeletonization, and skeleton analysis. Here, a module
FilFilder2D is used to extract the skeleton and remove small branches. This func-
tion allows to contain several objects in the scope; since it computes longest path
for each object and the longest object corresponds to the main channel. Thus, the
channel length is finally found by seeking the object with the longest path. Figure
A.2d shows an example of extracted channel skeleton.
Valley length is estimated simply by locating the two endpoints of the longest
path of the skeleton and computing the distance. This is appropriate when the river
valley does not meander considerably. In the case where the valley exhibits high
degree of meander, other measure to determine the valley length is required, and
such reach is not considered in this simple analysis. Note that the analysis pre-
sented in this report does not incorporate with georeference. Channel sinuosity is
a dimensionless parameter and thus does not require georeferenced-based analy-
sis; rather it requires only the relative distance of the river channel to the valley
length.
A.2.4 Limitation in selecting targeted river
This analysis is valid only for rivers with channel width greater than 300
m, which is 10 times of a pixel resolution of Landsat imagery (Landsat 5 and 7).
In the case of a river with narrower channel, the uncertainty increases, affecting
the validity of the analysis (Monegaglia et al., 2018). Thus, Alluvial meandering
rivers with wide channel are required in this analysis. Rivers by large cities are
recommended to be avoided since those rivers tend to be subject to significant
human impact and morphologically inactive.
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A.3 Results
A.3.1 Ucayali River, Peru
Approximately 150 km reach of the Ucayali River, Peru is selected as a tar-
geted river for the first analysis. The plot of temporal variation of the reach-
averaged value of the channel sinuosity exhibits the fluctuating behavior of the
channel sinuosity, between 1987 and 2017. Thus, the analysis confirms the find-
ings of Howard and Knutson (1984) and Stølum (1996); the reach-averaged chan-
nel sinuosity is found to vary over time but maintains the mean value at approx-
imately constant (Figure A.3). That is to say, the increase in channel sinuosity
caused by the channel elongation is followed by the reduction in channel sinuos-
ity due to meander cutoff, and thus long-term average value of channel sinuosity
remains constant. In this case, average channel sinuosity is found to be 2.02 and
the maximum and minimum values of channel sinuosity are 2.26 and 1.78, re-
spectively.
Figure A.3 provides the evidence of meander cutoffs, one occurred between
1992 and 1993 (Figure A.4a) and another occurred between 2004 and 2005 (Fig-
ure A.4b), respectively. The cutoffs that took place both between 1992 and 1993
and between 2004 and 20005 are reflected in the declines of channel sinuosity
from 2.26 to 1.98 (between 1992 and 1993) and from 1.93 to 1.78 (between 2004
and 2005). It should be note that every single drop in the plot shown in Figure A.3
corresponds to meander cutoff occurred in the reach. Here only ones that took
place between 1992 and 1993 and between 2004 and 2005 are presented as an
example.
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Figure A.3: Temporal variation of reach-average channel sinuosity for Peruvian







Figure A.4: (a1, a2) Meander cutoff between 1992 and 1993, (b1, b2) another
meander cutoff between 2004 and 2005. Note that both X and Y-axis show the
number of pixel, and each pixel is 30 m x 30 m resolution
A.3.2 Wabash River, USA
Approximately 50 km reach of the Wabash River, USA is the next subject of
the analysis. In contrast to the Ucayali River, the Wabash River does not display
dynamic fluctuation in the value of the reach-averaged sinuosity (Figure A.5).
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This is due to the fact that the target reach of Wabash River does not show lat-
eral channel migration as much as Ucayali River does. While lateral migration
rate of the Ucayali River is approximately 100 m/yr (Kalliola et al., 1992), it is
nearly zero, at least in the time window between 1984 and 2017, in the case of
the Wabash River. The plan-form geometry is almost static (Figure A.6), and the
average value of the channel sinuosity reads 1.99, which is nearly equivalent to
that of one from the Ucayali River.
Figure A.5: Temporal variation of reach-average channel sinuosity for Wabash
River. Sinuosity varies fluctuates around the mean value of 1.99.
(a) (b) (c)
Figure A.6: Plan-form of Wabash River at (a) 1984, (b) 2001 and (c) 2017. No
obvious plan-form deformation is exhibited. Note that both X and Y-axis show
the number of pixel, and each pixel is 30 m x 30 m resolution
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A.4 Discussion
A.4.1 Validity of the analysis
The rate of plan-form deformation partly depends on the scale of the river;
small river tends to rework its floodplain relatively faster than large ones. It is
suggested, however, that the targeted river should have at least 10 times of the
pixel size to be accurately analyzed (Monegaglia et al., 2018). Remembering that
the Landsat 5 and Landsat 7 both have 30 m spatial resolution, only the rivers
with bankfull width of 300 m can be assessed. Such rivers typically show rather
slow plan-form deformation, and the time window of 34 years (between 1984 and
2017) might not be adequately large in many cases.
The Ucayali River, however, exhibits significantly active morphodynamics
processes; the reach-characteristic lateral channel shift is observed to be approx-
imately 100m/yr (Kalliola et al., 1992), and at least 5 cutoffs are detected in the
34 years of time window (Figure A.3). Therefore, for such a large river that also
exhibits such rapid morphodynamics activities, the analysis presented herein is
considered to be valid. Hence this analysis, for the first time, provides the di-
rect observation-based support to the findings by Howard and Knutson (1984)
and Stølum (1996), in which they found with the use of numerical simulations
that when the system is in the equilibrium state, reach-averaged channel sinuosity
fluctuate around the mean value, maintaining the balance between the effects of
channel elongation and shortening.
It should be kept in mind that in composing cloud-free images, it is assumed
that the channel characteristics do not change drastically within the specified time
window to create the composed image. If the system exhibits faster plan-form
deformation than the specified time window, the validity of the analysis would
decrease.
A.4.2 Occurrence of “cluster” cutoff
Hooke (2003) observed vie numerical simulation that multiple meander cut-
offs can occur when the system is in the critical (or equilibrium) state. The anal-
ysis presented here on the Ucayali River does not show the distinct occurrence of
the “cluster” cutoffs. It shows, however, that one cutoff occurred between 2002
and 2003 has potentially triggered another cutoff downstream in 2005 (Figure
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A.7). In other words, the “shock” generated by a cutoff in 2003 propagated down-
stream and might have triggered the next cutoff in 2005.
Flow
(a) (b) (c)
Figure A.7: Plan-form pf Ucayali River, Peru, in (a) 2002, (b) 2003 and (c) 2005,
when significant decline of channel sinuosity is detected. The propagation of the
“shock”, which is generated in 2003, seems to have triggered the cutoff
downstream in 2005. Note that both X and Y-axis show the number of pixel, and
each pixel is 30 m x 30 m resolution
A.4.3 Implication to the equilibrium state
Typically, an equilibrium state is defined in terms of sediment flux; incom-
ing sediment flux to a certain control volume is equivalent to outgoing sediment
flux from the control volume. In nature, it is commonly assumed that a river ad-
justs its plan-form and cross-sectional geometry to achieve this state at reach scale
(e.g., Mackin, 1948). This concept can be extended to include sediment exchange
between channel and floodplain. When a channel laterally migrates, it transfers
sediment from floodplain to the channel at outer bank where the bank is subject to
erosion, whereas it also transfers the sediment from the channel to the floodplain
at inner bank where sediment deposition occurs due to secondary effect. Suppose
a relatively straight river evolves to a meandering channel (that is, reach-average
sinuosity increases over time). This would lead to the net sediment flux from the
floodplain to the channel since more area of floodplain would be occupied by the
channel if the river is to become more sinuous.
The present analysis on the Ucayali River shows the value of the reach-
average channel sinuosity fluctuate around the constant mean value. This sug-
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gests that the river system is in the equilibrium state, at least in the context of
channel-floodplain sediment dynamics.
A.4.4 Controls on channel sinuosity
Many alluvial meandering rivers typically exhibits their reach-average chan-
nel sinuosity to be approximately 2, as shown in this report (Ucayali River and
Wabash River). However, an explanation as to why the channel sinuosity 2 is the
typical value for many alluvial meandering rivers is yet to be provided.
Channel sinuosity is controlled by many factors such as geological constraint
(e.g., valley width). Theoretically speaking, the sinuosity can be as high as nearly
3, and rivers with higher sinuosity than this value is extremely rare (Hooke, 2003).
Lazarus and Constantine (2013) proposed a generic theory of channel sinuosity.
They argue that flow resistance (due to vegetation, plan-form or bedform geome-
try) relative to surface slope of the river valley is the first-order control of channel
sinuosity. Classification of riparian vegetation type and the use of Digital Ele-
vation Model (DEM) in addition to Landsat imagery might provide more insight
into this, and I propose this as future achievement.
A.5 Conclusion
A study on the channel sinuosity of alluvial meandering rivers in terms of its
reach-averaged value and its temporal evolution by means of Landsat imagery is
presented. Total 34 years, between 1984 and 2017, of Landsat image accumula-
tion allows as the direct observation on the behavior of the reach-average channel
sinuosity. The analysis indicate that while reach-averaged channel sinuosity does
not change due to non-active-morphological activity in the case of a 50 km reach
of the Wabash River, USA, it does dynamically fluctuate around the mean value
in the case of a 150 km reach of the Ucayali River, Peru. This behavior of Ucay-
ali River is previously predicted by numerical modeling studies, but has not been
observed by means of direct measurement such as the satellite imagery or air-
born imagery. The fluctuation of the reach-averaged channel sinuosity around the
mean value is resulting from the balancing act between the effects of sinuosity
decline due to meander cutoff and sinuosity increase due to channel elongation,
both associated with lateral shift of the channel.
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While the simultaneous occurrence of meander cutoff, which has previously
been observed in another numerical study, is not detected in this analysis, the
downstream propagation of the effect of a meander cutoff is observed in the case
of the Ucayali River.
Both the Wabash River and the Ucayali River show that their temporal av-
erage value of the channel sinuosity is about 2. Although there are several theo-
retical studies as to what control this value, study based on direct observation on
the control of the average sinuosity is yet to be conducted, specifically concerning
geological history, vegetation, and the topography.
This study, for the first time provides, the direct observation-based support
to a finding made by numerical simulation studies, of which result has long been
adapted and applied to various numerical modelings on the long-term river mor-
phodynamics calculation. This finding presented here, therefore, offers a justifi-
cation of the employing constant value of the reach-average channel sinuosity to
the modeling framework presented in this dissertation.
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APPENDIX B
EXTENDED ENGELUND-HANSEN TYPE SEDIMENT TRANSPORT
RELATION FOR MIXTURES BASED ON THE SAND-SILT-BED
LOWER YELLOW RIVER, CHINA
B.1 Introduction
The prediction of sediment transport rates in alluvial rivers is important for
many purposes, including sediment and water resource management (MacArthur
et al., 2008), nutrient management (Cohn, 1995), maintenance of ecological diver-
sity (Allan and Castillo, 2007), short-term/long-term prediction of river morpho-
dynamics (Hicks and Gomez, 2016), and design of river disaster countermeasures
(MacArthur et al., 2008). A sediment transport relation proposed by Engelund and
Hansen (1967) has been recognized as performing well for sand-bed laboratory
flumes and sand-bed rivers (Brownlie, 1982; Ma et al., 2017), and is commonly
used to predict the total bed material load (i.e. bed load and bed material portion
of suspended load). A question arises as to whether the Engelund-Hansen (EH)
relation performs well for sand-silt-bed rivers (i.e. rivers in which the silt content
of the bed is substantial), such as the Lower Yellow River (LYR, herein defined
as the reach between the Xiaolangdi Dam and the river mouth, see Figure B.1a)
and some of its tributaries, where suspended load is the dominant phase of sedi-
ment transport and hyper-concentrated flows (volumetric concentration > 5 %, as
defined in Pierson, 2005) occasionally occur. Another example of such a river is
the Pilcomayo River at the border of Argentina and Paraguay (Martı´n-Vide et al.,
2014). Wu et al. (2008a) addressed this question of applicability of the EH relation
to sand-silt-bed rivers based on an analysis on more than 1000 sediment discharge
observations from the Yellow River. They reported that the standard EH relation
is a poor predictor of total bed material load in the Yellow River. As discussed in
detail below, it is also found that the EH relation significantly underpredicts the
total load in the LYR (see also Ma et al., 2017). In other words, the LYR has a
much higher capacity rate of sediment transport than typical sand-bed rivers, for
which the EH relation is often used to estimate total bed material load. This dif-
ference prevails even after accounting for the much finer characteristic grain size
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Figure B.1: (a) Entire Yellow River basin and the Lower Yellow River, as well as
the location of the six major gaging stations and two dams, (b) Loess Plateau in
the Suide county (location shown in the map), and (c) Sediment sluicing event at
the Xiaolangdi Dam (photo courtesy of YRIHR). In (b) the road serves as a scale,
and in (c) the people serve as scales.
Furthermore, the EH relation is designed to predict the sediment load based
only on a single representative bed material grain size. As was recognized by En-
gelund and Hansen (1967) themselves, the accuracy of the EH relation decreases
for widely graded sediment. Local-scale sorting such as armoring and reach-scale
sorting such as downstream fining have been recognized as important elements of
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river morphodynamics (Frings, 2008), especially in gravel-bed rivers and coarse
sand-bed rivers, where bedload transport is the dominant phase of sediment trans-
port. In accordance with this observation, a large number of grain size-specific
sediment transport relations for gravel-sand mixtures and sand mixtures have been
developed (e.g., Ashida and Michiue, 1974; Hirano, 1971; Parker, 1990, 1991a,b;
Parker et al., 1982; Wilcock and Crowe, 2003; Wright and Parker, 2005a,b), and
some researchers have developed an extended form of the EH-type relation for
mixtures (Blom et al., 2017, 2016). However, the application of these relations
has been made only to sand-bed and gravel-bed rivers, mostly because grain sort-
ing in sand-silt-bed rivers has not been recognized outside of China.
Sand-silt-bed rivers such as the LYR, however, do exhibit trends of grain
sorting. A comprehensive dataset on suspended sediment load and its grain size
distribution (GSD), as well as bed material GSD, was assembled in the period
1980 – 1990 by the Yellow River Institute of Hydraulic Research (YRIHR), China
(Long and Zhang, 2002; Zhang et al., 1998). These data show a clear trend toward
downstream fining of the bed material (Figure B.2). This pattern of downstream
fining, which predates the closing of Xiaolangdi Dam in 2000, appears to be a nat-
ural response as the river debouches from the relatively high-slope Loess Plateau
to the relatively low-slope North China Plain. Moreover, provided that the par-
ticles that compose the bed surface of the LYR are primarily silt and sand, it is
reasonable to consider that the downstream fining is dominated by size-selective
transport rather than abrasion of the particles (Parker, 1991a). Figure B.2 further
demonstrates that the LYR has shown significant bed degradation and coarsening
since the closure of Xiaolangdi Dam (Chen et al., 2012; Ta et al., 2011). This is
a response to the dramatic reduction of the sediment supply to the LYR due to
the installation of Xiaolangdi Dam. The pattern of coarsening has been gradually
propagating downstream since 2000.
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Figure B.2: Downstream variation of Dg. Black dots are from the dataset
collected in the period 1980 – 1990 which has been used in this study, and
crosses are the dataset collected in 2009 and reported by Chen et al. (2012). The
single point at Jiahetan notwithstanding, the data show a clear overall trend
toward downstream fining. HYK, JHT, GC, SK, LK and LJ stand for
Huayuankou, Jiahetan, Gaocun, Sunkou, Loukou and Lijin, respectively.
In order to reproduce the pattern of downstream variation of grain size in
the LYR, as well as compute the time evolution of this pattern, it is necessary to
have a grain size specific sediment transport relation. A knowledge of sorting in
the lower reach of a sand-bed river, where the river flows into a standing body
of water such as the ocean, can provide insight into the understanding of the dy-
namics of delta evolution. For example, a grain size-specific sediment transport
relation allows prediction of the range of sediment sizes that is available for delta
construction and delivery to the sea. Most sediment transport relations designed
for the Yellow River are based on a single characteristic grain size of the bed,
or of the suspended load (e.g., Wu and Long, 1993; Yang et al., 1996; Zhang,
1959). Zhang et al. (2001) (as reported in He, Duan, Wang, & Fu, 2012) present a
sediment transport relation designed for the Yellow River that does indeed calcu-
late grain size-specific transport rates. This formulation, however, calculates the
volume fraction content in the load as an algebraic function of the volume frac-
tion content in the bed, and is thus in conflict with the grain size-specific Exner
equation of sediment continuity.
In this chapter, I present a surface-based grain size specific sediment trans-
port relation as an extension of the generalized EH-type relation using a single
grain size that was recently proposed by Ma et al. (2017). Our relation is devel-
oped so as to allow calibration using site-specific field data. Therefore, the model
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is applicable to both sand-bed rivers and sand-silt-bed rivers. Here I evaluate the
formulation using data for the LYR. I use the relation to predict “broad-brush” as-
pects of long-term morphodynamics such as the evolution of the river bed profile
and grain size distribution of the bed surface in the LYR.
B.2 The LYR and Dataset
The Yellow River is a silt-rich river that carries a large amount of fine sedi-
ment in suspension at relatively high concentrations, i.e. up to hundreds of kilo-
grams per cubic meter (Jiongxin, 1999). It has been recognized as the second
largest in the world in terms of the sediment load delivered to the ocean (Mil-
liman and Meade, 1983). The river originates in the Bayankala Mountains and
flows through the Loess Plateau, which is located along the middle reach of the
Yellow River and where about 90% of the sediment load is produced (Wang et al.,
2016; Yonggui et al., 2013; Yu et al., 2013). Until the closure of Xiaolangdi Dam
in 2000, the annual sediment load of the LYR was as high as 1.08 Gtyr−1, account-
ing for 6% of the total sediment flux from global rivers to the ocean (Milliman and
Meade, 1983). Due to this high sediment load, the river system had until recently
been aggrading at a high rate. In the lower reach, the bed elevation is higher by up
to 10 m than the surrounding floodplain (“hanging riverbed”, Figure B.9b). This
high sediment load has also led to the rapid formation of a new delta lobe, which
began prograding in 1855 and was more than 5000 km2 in area in 2010 (Wang
et al., 2010). As described below, since the closure of Xiaolangdi Dam, however,
the sediment load in the Lower Yellow River has dropped substantially.
Xiaolangdi Dam was installed about 860 km upstream of the river mouth and
closed in 2000. It is located near where the river debouches from the Loess Plateau
to the North China Plain. Once per year, during the flood season (July – October),
water and sediment are released from Xiaolangdi Dam in order to preserve reser-
voir capacity and scour the bed of the river downstream (Ma et al., 2017; Yu et al.,
2013). It is intended that this scouring will mitigate flood risk. Wang et al. (2007a)
pointed out that the installation of large dams such as Xiaolangdi Dam and San-
menxia Dam, which is located about 130 km upstream of Xiaolangdi Dam, as
well as climate change, have brought about a step-wise decrease in the water and
sediment discharge to the lower reach and the Bohai Sea. Figure B.1a shows the
Yellow River, two major dams, i.e. Xiaolangdi Dam and Sanmenxia Dam, and
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six major hydraulic gaging stations. A modern view of the Loess Plateau in Suide
County, Shaanxi Province is shown in Figure B.1b. It should be mentioned that
the land surface in parts of the Loess Plateau is presently relatively more vegetated
than in the recent past, owing to vigorous efforts toward revegetation associated
with the ‘Grain to Green Program’ launched in 1999 (Chen et al., 2015). Figure
B.1c shows a sediment sluicing event at Xiaolangdi Dam. In this study, I focus on
the lower part of the Yellow River, i.e. the LYR.
Datasets used in this paper were developed in 1980-1990 by the Yellow River
Institute of Hydraulic Research, Zhengzhou, China, at the following six major
gaging stations along the LYR in order downstream; Huayuankou, Jiahetan, Gao-
cun, Sunkou, Luokou, and Lijin (Figure B.1a Long and Zhang, 2002; Zhang et al.,
1998). Each dataset contains records of flow rate, bed slope, flow width, flow
depth, mass concentration of suspended sediment, and grain size distribution of
both bed material and suspended load, all at what was interpreted to be quasi-
equilibrium state, in which deposition and entrainment of the bed material are lo-
cally not far out of balance. It is worth repeating that the datasets were developed
before the construction of Xiaolangdi Dam, which was closed in 2000. It should
also be noted that the dataset on sediment transport of the LYR does not report
direct measurements of bed load; only the suspended load was directly measured.
The bedload transport rate was estimated according to the procedure discussed in
Ma et al. (2017); it was found to be negligible compared to the suspended load.
B.3 Generalized Engelund-Hansen formula (the EH relation) for single
grain size
Figure B.3 shows the GSDs of bed material and suspended load at the Lijin
gaging station. The GSDs of bed material and suspended load of the Mississippi
River at St. Louis, USA, which is considered as a typical sand-bed river, are also
plotted for comparison. It is seen that the bed of the LYR contains a large fraction
of silty sediment that is finer than 62 µm, a range that is typically considered to be
wash load in most sand-bed rivers (e.g., Woo et al., 1986), such as the Mississippi
River, as can be seen in Figure B.3. Wash load is defined as the sediment that is
being transported, but is too fine to be found in easily measurable quantities in
the bed (Bettess, 2009). For the LYR, I select 15 µm (0.015 mm) to be the cutoff
size for wash load (Ma et al., 2017). Sediment finer than 15 µm is considered to
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Figure B.3: GSD of the bed material and suspended load of the LYR at Lijin
(LYR BM and LYR SL, where BM indicates bed material and SL indicates
suspended load) averaged over the period 1980-1990; and GSD of the
Mississippi River at St Louis, USA (MR BM and MR SL) averaged over the
period 1960-2011. Included in the plot are vertical lines denoting 62 µm,
corresponding to a standard divider for bed material load versus wash load, and
15 µm, the divider used herein for the LYR.
A generalized form of the total load relation in accordance with the EH rela-
tion takes the form
C f qT ∗ = A(τg∗)B (B.1)
where C f is the bed friction coefficient, qT ∗ is the Einstein number or dimension-
less total load per unit width, and τg∗ is Shields number or dimensionless bed
shear stress based on bed geometric mean grain size Dg. The parameters A and B
are constants, with A = 0.05 and B = 2.5 for the original EH relation. In the above





where τb denotes bed shear stress, U denotes depth-averaged flow velocity, and ρ







in which qT is total bed material load per unit width, R is submerged specific grav-
ity of sediment (R = 1.65 for quartz), and g is gravitational acceleration. While the
original E-H relation makes use of the median grain size of the bed surface D50,
I instead make use of geometric mean grain size Dg in a preliminary treatment
of sediment mixtures. Assuming that the flow is steady and uniform (i.e. normal








where H and S denote flow depth and downstream channel slope, respectively.
Implicit in Equation (B.4) is the evaluation of the bed shear stress τb from the
form appropriate for equilibrium (normal) flow;
τb = ρgHS (B.5)
This assumption is justified for the quasi-equilibrium case used for the LYR data,
as outlined in Ma et al. (2017).
Figure B.4 shows a plot of the product of the dimensionless friction coeffi-
cient and the Einstein number, i.e. C f qT ∗, versus Shields number τg∗, along with
the data from the Lijin gaging station and the best fit of the generalized EH re-
lation (Equation (B.1)). A linear regression analysis indicates that the coefficient
A and exponent B in Equation (B.1) for the Lijin dataset are A = 0.751 and B =
2.195, with a value of the coefficient of determination R2 = 0.85. It is seen that
the original EH relation greatly underestimates the total load, indeed by a factor
of nearly 20. This indicates that the original EH relation is not appropriate for the
case of sand-silt-bed rivers with high sediment loads such as the LYR.
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Figure B.4: Plot of observed data of C f qT ∗ versus τg∗ for the LYR at Lijin
(LYR LJ data), along with a fit line for our EH type relation adapted for the LYR
(LYR LJ relation) and for the original EH relation (EH relation)
B.4 Surface-based grain size specific sediment transport relation
Parker (1990) proposed a grain size specific bed load transport relation, as-
suming that the bed is classified into two layers: surface layer (or active layer) and
subsurface layer (or substrate). The relation is a “surface-based” relation, since it
requires knowledge of the GSD of the bed surface, as opposed to a “subsurface-
based” relation that requires the knowledge of the subsurface of the bed . Although
the GSD of sediment yield of the reach may in some cases be similar to that of the
subsurface, it is the exposed sediment at the bed surface that is directly available
for entrainment into transport from the bed (Parker, 1990).
Adapting the form of Parker (1990) to correspond with the EH, I define the
general dimensionless form of the grain size specific bed material load as follows:
Ni∗ =
C f RgqT fi
u∗3Fi
(i = 1,2,3, ...,N) (B.6)
where Ni∗ is dimensionless bed material transport rate for the grain in i-th size
range, fi is the volume fraction content of the i-th size range grain in the total bed
material load, Fi is the volume fraction content of the i-th grain size range in the
bed surface (active layer), and u∗ is the shear velocity. Here I relate above param-
eters to hydraulic conditions using power functions as follows, so as to parallel
108
the original form of the EH relation:
Ni∗ = Ai(τ∗i )
Bi (B.7)
where Ai and Bi are coefficients and exponents for the i-th grain size range. In the
case of the original EH relation, designed for a single grain size, A and B are 0.05
and 1, respectively. Also τi∗ is the Shields number for the i-th size range, defined








Here Di denotes the characteristic bed material size of the i-th grain size range.








It should be noted that unlike other surface-based relations such as the ones
by Parker (1990), Tsujimoto (1991), and Hunziker and Jaeggi (2002), there is no
critical Shields number or reference Shields number in the present formulation.
This is because the flow is considered to be always well above the threshold con-
dition for sediment entrainment for any grain size on the bed surface, allowing
neglect of the effect of critical Shields number. Parker (1990) and Kuhnle (1992)
have indicated that coefficients similar to Ai and Bi can be cast as functions of
grain size Di. I thus empirically relate Ai and Bi to the corresponding grain size of












The dimensionless form of the total bed material load NT ∗ is expressed in the form














The advantage of the form of the above equation is that the effect of grain size
is placed only on the right-hand side, so limiting spurious correlation in grain
size when determining the regressions. Moreover, in terms of sediment sizes, this
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relation requires only the grain size distribution of the bed material. It does not
require knowledge concerning the size of sediments that are in transport in order
to estimate the bed material load transport rate. This is in contrast to e.g. the
relations of Zhang (1959), Wu and Long (1993) and Yang et al. (1996), which
are inherently circular in requiring advance knowledge of parameters pertaining
to the load in order to compute it. The bed material transport rate of sediment in
the i-th grain size range qi and total bed material transport rate qT are respectively
given as























It should be pointed out that in the present formulation, if a grain size distribution
is not represented in the bed surface, it will not be represented in the bed material
transport as well. Size ranges that are present in suspension, but not present above
some threshold in the bed (here I use 5%, as documented in Ma et al., 2017), are
categorized as wash load. The volume fraction content of the i-th grain size in the

















B.5.1 Model implementation for the case of the LYR
I implement the relation for the case of the LYR with the use of the Lijin
dataset. Here the grain size distribution is divided into five bins (N = 5): Di =
0.019 mm, 0.035 mm, 0.071 mm, 0.158 mm, and 0.354 mm. In treating such
fine material, it should be recognized that cohesiveness can play a significant role
in sediment transport. In the case of the Yellow River, however, cohesiveness is
rather weak (Tian et al., 2016; Wang et al., 2007b). In this analysis, therefore, I
do not consider the effect of sediment cohesion.
Plots of Ni∗ versus τi∗ are made so as to obtain the values of Ai and Bi em-
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pirically using least-square linear regression analysis for each grain size range
(Figure B.7). The values of τi∗ are calculated from the measured data by means
of Equation (B.8), and the single representative value of 67 µm for Dg. Table B.1
summarizes the values of Ai and Bi, as well as the coefficient of determination R2
and standard error µ for each grain size range obtained from the analysis. Re-
gression results indicate that the correlation is not significant in a statistical sense,
especially for coarser grain sizes. This is likely due to the inherent scatter in the
data associated with a river with high variability such as the Yellow River. This
limitation notwithstanding, the correlations are readily apparent by eye, and in the
absence of alternative data, I use them as a practical basis for a method to compute
the transport of mixed sizes in the Yellow River. It is seen in Table B.1 that the
values of both Ai and Bi decrease with increasing grain size Di. This suggests that
the transport rate of relatively coarser grains is less dependent on the flow rate
than that of the relatively finer grains. This contrasts with the finding by Kuhnle
(1992), in which it was found that Bi slightly increases with increasing Di/Dg
(Blom et al., 2017).
(  )Y = 1.09X1.0
(  )Y = 0.73X0.89
(  )Y = 0.53X0.49
(  )Y = 0.33X0.14
(  )Y = 0.08X0.04
X
Figure B.5: Plot of Ni∗ versus τi∗. It is seen that dependency of Ni∗ on τi∗
decreases with increasing grain size. The results of the regression analysis are
also summarized in Table B.1.
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Table B.1: Results of linear regression analysis used to find the values of Ai and
Bi. The coefficient of determination R2 and the standard error µ are also shown.
The regression analysis is shown in Figure B.5
Di (mm)
Parameters 0.019 0.035 0.071 0.158 0.354
Ai 1.09 0.72 0.53 0.33 0.08
Bi 1.00 0.89 0.49 0.14 0.04
R2 0.48 0.4 0.21 0.03 0.01
µ 0.38 0.39 0.34 0.31 0.46
I now relate the values of Ai and Bi so obtained to the corresponding grain
size Di normalized by the bed surface geometric mean grain size Dg (Figure B.7),
in order to obtain a predictive relation for Ai and Bi. Regression analysis yields













Lastly, I illustrate the applicability of the proposed relation, which was ob-
tained using data at the Lijin gaging station, with the use of the datasets at the
Gaocun and Sunkou stations, i.e. the two nearest stations upstream. Figure B.6
shows a comparison of the proposed relation against the observed data at Gaocun
and Sunkou stations. The plot is made in the form of a generalized EH relation
(C f qT ∗), rather than the proposed form for the total bed material load using the
parameter NT ∗. It is seen in Figure B.6 that while the proposed relation developed
based upon Lijin dataset does not necessarily represent the entire LYR accurately,
it shows a general pattern of agreement between predicted and measured values.
The development of a site-specific relation applicable to each gaging station may
be needed for more precise prediction of the sediment bed material transport rate.
The methodology for this is straightforward but is not implemented in this first
analysis. Ma et al. (2017), for example, have shown that the coefficient A and
exponent B in Equation (B.1) for total load vary mildly but systematically in the
streamwise direction. These comments notwithstanding, our relation is adequate
for a “broad-brush” treatment of the morphodynamics of the LYR as a whole.
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Figure B.6: Comparison of the proposed relation against the observed data at
Gaocun and Sunkou stations
(  )Y = 0.46X -0.84
(  )Y = 0.35X -1.16
Figure B.7: Plot of Ai and Bi in Equation (B.9) versus Di/Dg. Values of Ai and Bi
both decrease with increasing grain size.
B.5.2 General behavior of the implemented model
Figure B.8 shows the general behaviour of the proposed sediment mixture
transport relation, as implemented for a case based on parameters for the LYR.
The bed shear stress τg∗ is computed for fixed values of channel slope, channel
resistance and channel width, and over a range of values for water discharge. More
specifically, down-channel slope is 0.00015, dimensionless Chezy resistance co-
efficient is 30, channel width is 500 m, and water discharge varies from 100 to
10000 m3s−1. With the use of the bed material grain size distribution at the Lijin
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gaging station, total bed material load, as well as bed material load for each grain
size range is computed over a range of values of bed shear stress τg∗ correspond-
ing to varying water discharge. Figure B.8a shows the total bed material load qT ,
as well as the bed material load for the three grain size ranges with characteristic
sizes 0.354 mm (coarse), 0.158 mm (middle), and 0.035 mm (fine). It is seen
that both total bed material load qT and the bed material load for each grain size
range qi increase with increasing bed shear stress τg∗. Unlike gravel bed rivers
where the GSD of the bed material load approaches that of the bed surface as the
bed shear stress increases (Parker, 2008), in the case of the LYR the GSD of the
load diverges from that of bed material and becomes finer as the bed shear stress
increases (Figure B.8b). This fining of the load is associated with the negative
correlation of the exponent Bi with Di/Dg seen in Figure B.7 (Equation B.16).
Figure B.8c and B.8d show the GSDs of the bed material and the load for low
bed shear stress (τg∗ = 0.1) and high bed shear stress (τg∗ = 9), respectively, for
a set bed slope of 0.00015. Figure B.8 also demonstrates that the fraction of fine
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Figure B.8: Illustration of general behaviour of the proposed bed material
transport model. (a) Relation between qT , as well as qi (coarse, mid, and fine)
and τg∗. (b) Geometric mean grain size of total bed material load (dashed line
(BML model): model results, crosses: observed data) and bed surface (solid line
(BS model): model results, dots: observed data) versus τg∗. (c) GSD of bed
surface (BML model) and bed material load (BML model) for the case τg∗ = 0.1.
(d) Corresponding distribution for the case τg∗ = 9.
The relation for suspended load of (Wright and Parker, 2004) in sand-bed
rivers also does not satisfy equal mobility at high shear stress. Instead, it satisfies
“equal entrainability”, whereby the entrainment rate into suspension is linearly
proportional to fraction content in the bed surface layer. The suspended transport
rate of each grain size range is then calculated using a stratification-corrected
Rousean formulation. The exponent in this formulation includes the ratio u∗/vsi:
this guarantees a bias toward a suspended load that is finer than the bed surface.
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It should be noted that whereas in our illustrative calculation for the Yellow River
the GSD of the bed surface is fixed, the morphodynamics calculations presented
in the following section allow the bed surface sediment composition to change as
the channel bed evolves.
B.6 Calculational example: downstream fining, bed coarsening and 1-D
morphodynamics calculation of the LYR
After the latest major avulsion of the river in 1855 (e.g., Xue, 1993), the
channel bed of the LYR continuously aggraded due to the high sediment load
until the river bed near Huayuankou was about 10 m higher than the surrounding
floodplain beyond the levees (Wu et al., 2008b). This aggradation was brought
to a halt by the closure of Xiaolangdi Dam, 120 km upstream of Huayuankou,
in 2000. I refer to the bed in the two decades before the closure of this dam
as in the “pre-Xiaolangdi” condition. Since most of the bed material that now
flows into Xiaolangdi Dam is captured by the dam (“post-Xiaolangdi” condition),
the bed material supply to the LYR has been substantially reduced, leading to
degradation of the bed and coarsening of the bed surface (e.g., Chen et al., 2012;
Yu et al., 2013; Yonggui et al., 2013). Moreover, as mentioned above, datasets
for the LYR indicate a trend toward downstream fining both before and after the
installation of Xiaolangdi Dam (Chen et al., 2012, see also Figure B.2). Here,
with the use of our proposed grain size specific total load relation, I study the
long-term evolution of the grain size distribution of the bed surface, as well as
the bed elevation profile. Our purpose is to demonstrate the use of our proposed
sediment transport relation and its capability for predicting the general patterns of
downstream fining, as well as the bed coarsening induced by bed material supply
reduction, that have been observed in the LYR. This simulation is not intended to
precisely reproduce current conditions of the LYR. In order to do this, it would be
necessary to include a plethora of elements of geometric complexity (e.g., multiple
levees of spatially varying height and width and detailed hydrographs He et al.,
2012) that would distract from the purpose of this paper.
B.6.1 Modeling formulation
The formulation of Wright and Parker (2004) and He et al. (2012) use an
entrainment-based formulation for the Exner equation of sediment continuity.
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That is, they calculate the variation in bed elevation and surface grain size distri-
bution in terms of the difference between an entrainment rate into suspension and
a deposition rate from suspension. Here, however, I use a flux-based formulation,
in which the local sediment transport rate equals the capacity value for the flow,
and the bed elevation variation is related to the downstream gradient in streamwise
sediment transport rate. The use of the flux form is likely generally appropriate
because the LYR dataset were developed under quasi-equilibrium conditions, in
which the flow carries bed material at its transport capacity and sediment deposi-
tion to the bed and sediment entrainment of the sediment from the bed are locally
in balance (Long and Zhang, 2002; Zhang et al., 1998).
As shown in Figure B.9a, I consider a reach of the LYR in which the channel
is sinuous within a floodplain. The channel has sinuosity Ω. The modeling equa-
tions are composed mainly of three equations: a momentum equation for the flow,
a sediment transport relation, and sediment mass conservation equation. The flow
is assumed to be steady and uniform, i.e. I use the normal flow approximation.
This yields the following form of the momentum balance equation:
Qb f =Cz
√
gHb f SHb f Bb f (B.17)
where Qb f , is bankfull discharge, Cz, is dimensionless Chezy resistance coeffi-
cient, Hb f is bankfull depth, and Bb f is bankfull width. In order to simplify the
simulation of long-term morphodynamics, I assume that the river is at bankfull
conditions, which are sustained for the morphodynamically active time fraction I f
(flood intermittency factor Paola et al., 1992). That is, the river is assumed to be at
low flow and inactive for time fraction 1 – I f . For the sediment transport relation,
I employ our proposed grain size specific total load relation, i.e. Equations (B.12)
and (B.13). For bed material mass conservation, I employ the active layer con-
cept first proposed by Hirano (1971). The active layer is the surface layer of the
bed which directly interacts with bed material load via exchange of mass, whereas
the substrate is the layer that interacts only with the active layer via aggradation or
degradation (Figure B.10). The active layer is, by definition, assumed here to have
no vertical structure in terms of grain size distribution. I implement the standard
1-D Exner equation in such a way that the equation is capable of accounting for
















where t is time, x is the streamwise coordinate, FIi is the fraction in i-th grain
size at the interface between the substrate and the active layer, La is active layer
thickness, Fi is the volume fraction content of i-th grain size range in the active
layer, λp is bed porosity, and B f is floodplain width (Figures B.9 and B.10). In
addition, Λ is volume fraction of wash load deposited on the floodplain per unit
deposition of bed material load. That is, I assume that for each unit of bed material
deposition, Λ units of wash load are deposited so as to construct the channel-
floodplain complex. Thus, η denotes channel bed-floodplain averaged (mean)
elevation. Summing over all grain sizes, the following standard Exner equation
describing bed elevation evolution is obtained:
(1−λp) ∂η∂ t =−





Between Equations (B.18) and (B.19), the following equation describing the evo-
















Figure B.9: Modeled reach. (a) Plan view and (b) cross-sectional view
118
Figure B.10: Sketch of active layer, substrate and water column.
Active layer thickness and stratigraphy
Active layer thickness La is assumed to scale with dune height ∆dune in the
case of sand-bed rivers (Deigaard, 1980). Although the presence or absence of
dunes in the Yellow River remains somewhat poorly understood (see Ma et al.,
2017; Parker et al., 2013), I employ a relation by Julien and Klaassen (1995) to
estimate the dune height ∆dune in this study. Julien and Klaassen (1995) described
dune height as a function of flow depth H and median grain size D50 of the bed







where ξ denotes a constant that varies between 0.8 and 8. In implementing the
above formula, I have replaced D50 with surface geometric mean size Dg for sim-
plicity. The active layer thickness then takes the following form:
La = αal∆dune (B.22)
in which αal is a user-specified constant, which is the ratio of active layer thickness
to dune height. Taking approximately the median value of 0.8 - 8, the value of ξ is
set to be ξ = 4, and the value of αal is set to be αal = 2, respectively. When the bed
is subject to degradation and the GSD of the active layer is coarser than that of the
substrate, the simulation is subject to ellipticity (Ribberink, 1987; Stecca et al.,
2014). The values of ξ and αal have been carefully selected so as to avoid such
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numerical instability. The GSD of the active layer evolves as the bed aggrades or
degrades. As the bed aggrades, some combination of the bed material load and
the active layer material is transferred to the substrate, while as the bed degrades






for∂η∂ t < 0
for∂η∂ t > 0
(B.23)
where Fsubi and αtrans denote the volume fraction content in the substrate and the
weighting factor for the substrate-active layer sediment transformation, respec-
tively (Hoey and Ferguson, 1994; Toro-Escobar et al., 1996). Wright and Parker
(2005a,b) argue that the value of αtrans should be close to 1 in the case of sand-bed
rivers, because sediment in the load cannot easily be sieved through the surface
layer (active layer), which becomes finer when the bed aggrades. However, they
also call for the further investigation concerning this point. Thus, due to a lack
of knowledge of the dynamics at the surface layer-substrate interface, the value of
αtrans is set to be αtrans = 0.5 in this study. The uncertainty associated with the
selection of the value should be kept in mind.
I first allow the bed to aggrade at the scale of centuries so as to reproduce
the present-day upward concave profile of the LYR, and concomitant downstream
fining. I then substantially reduce the sediment supply so as to mimic the effect
of Xiaolangdi dam in 2000, and model incisional degradation and bed coarsen-
ing at the decadal scale. It is thus necessary to store the vertical stratigraphy, i.e.
the vertical variation of the GSD of the substrate created by aggradation in the
model, so that subsequent degradation consumes this material. More specifically,
the volume fraction content of the i-th size range grain in the substrate Fsubi, which
can vary in the streamwise and vertical direction as the flow emplaces new sub-
strate during aggradation, needs to be stored. In order to achieve this, a numerical
method proposed by Viparelli et al. (2010) is implemented. At each computational
node, the substrate is divided into storage sublayers, except at the top, which cor-
responds to the interface between the active layer and substrate (Figure B.10).
Each storage sublayer has the thickness Ls, which is set to be 1 m in this study.
As the bed aggrades, new storage layers are added to the top as needed, whereas
as the bed degrades, the storage layers are consumed in order from the top down.




The bed elevation is fixed at the downstream end; I do not consider backwater
effects and delta progradation, or any external forcing such as tectonic subsidence
or sea level rise. Bed material is supplied only at the upstream end, and I consider
no tributaries or other sources of sediment supply within the study reach. Al-
though the channel I consider is for the most part in a low-amplitude meandering
configuration, neither channel migration nor secondary flow is considered in the
1D calculation presented here.
B.6.2 Computational setup
Computational scenario
First, I run the model for several hundred years with “pre-Xiaolangdi” con-
ditions, for which water discharge and bed material supply are relatively high.
This allows us to “spin-up” the model so as to loosely reproduce recent “pre-
Xiaolangdi” conditions, including the aggressive bed aggradation and the ten-
dency for downstream fining that was observed in 1980s (Figure B.2). It should
be kept in mind that our interest herein is to reproduce the trends of downstream
fining as well as bed coarsening in response to dam closure. The time required
for the spin-up simulation does not have a precise physical meaning, but must be
large enough to allow the river to reach an approximation of the pre-Xiaolangdi
profile from the specified initial bed profile. I then change to “post-Xiaolangdi”
conditions, for which the bed material supply is reduced significantly but water
discharge is kept unchanged, and run for 10 more years.
Bankfull discharge and bed material feed rate
Wu et al. (2008b) reported a time series of annual sediment load and bankfull
discharge between 1960 and 2003 at various locations, including the Huayuankou
and Lijin gaging stations. From the time series at the Huayuankou station, I se-
lected a representative value of the annual sediment load by taking an average
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between 1980 and 1999. I assumed, based on an analysis of the GSD of the sus-
pended load at Huayuankou, that 55% of annual sediment load is bed material
and the remaining 45% is wash load. Here wash load corresponds to material
finer than 15 µm Ma et al. (2017). Thus, for the “pre-Xiaolangdi” condition, the
bed material feed rate GT f eed,pre is set to be GT f eed,pre = 385 Mtyr−1 (700 Mtyr−1
including wash load. A similar number is reported by Gao et al. (2010) and Wang
et al. (2007a).
Model geometry and planform
The computational setup is summarized in Table B.2. The modeling reach is
between Xiaolangdi Dam and the river mouth, which is about 860 km (L = 860 km,
where L is the reach length). Although there are some upstream sections where the
channel is braided, here I assume that the channel is single-thread, rectangular and
sinuous everywhere (Figure B.9a), in light of the fact that 87% of the study reach
is indeed single-channel. Reach-representative bankfull channel width Bb f is set
to 500 m (Bb f = 500 m) and is fixed in space and time for both “pre-Xiaolangdi”
and “post-Xiaolangdi” conditions.
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Table B.2: Model input parameter
Parameter Value Units Description
L 860 km Modeled reach length
Bb f 500 m Reach-representative bankfull channel width
Ω 1.3 - Channel sinuosity
λp 0.3 - Bed porosity
Cz 30 - Dimensionless Chezy resistance coefficient
ζ 4 - Coefficient in dune height relation (Equation
(B.21))
αal 2 - Ratio of active layer thickness to dune height
αtrans 0.5 - Partitioning coefficient for active layer-
substrate interface GSD
Ls 1 m Thickness of the substrate storage layer
SI 5x10−5 - Initial down-channel slope
Λ 1 - Ratio of wash load deposition to bed material
deposition
Qb f 4500 m3/s Representative bankfull flow discharge
QT f eed,pre 385 Mt yr−1 Bed material feed rate of “pre-Xiaolangdi”
condition
QT f eed,post 38.5 Mt yr−1 Bed material feed rate of “post-Xiaolangdi”
condition
B f ,pre 13000 m Active floodplain width of “pre-Xiaolangdi”
condition
B f ,post 2500 m Active floodplain width of “post-Xiaolangdi”
condition
The active floodplain width, within which overbank deposition of wash load
occurs, is for both the “pre-Xiaolangdi” and “post-Xiaolangdi” conditions se-
lected based on the river cross-section reported in He et al. (2012). For the “pre-
Xiaolangdi” period, the active floodplain width B f ,pre is set to be the constant
value 13000 m, which corresponds to the distance between the “primary levees”
(Figure B.9b). Meanwhile the active floodplain width for the “post-Xiaolangdi”
condition B f ,post is set to be equal to 2500 m, which corresponds to the distance
between the “farming levees (Figure B.9b)” (assuming that only the floodplain
within the farming levees is active). The latter assumption is justified by the fact
that ever since the installation of Xiaolangdi Dam the flood discharge has been
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carefully controlled, and thus the flow does not escape the farming levees.
Initial condition
Initial down-channel slope SI is purposely set to be relatively low so that
the “spin-up” simulation under “pre-Xiaolangdi” conditions results in long-term
bed aggradation and downstream fining toward a state similar to that just before
the closure of Xiaolangdi Dam. Thus, the initial channel slope is set to be SI =
0.00005 everywhere. As one of the initial conditions, the GSD of the bed surface
is set everywhere to be identical to the substrate GSD. For this purpose, I use the
modern GSD of the bed material at Lijin station. The GSD of the sediment feed
is taken to be identical to that of the total bed material load at Huayuankou gaging
station, as determined from the YRIHR dataset mentioned above. The GSDs of
initial bed surface, substrate, and bed material supplied at the upstream end are
shown in both Figure B.12. Note that while the GSDs of the bed surface and
substrate vary over time and space, the GSD of the bed material supply does not.
Auxiliary parameters
The Chezy friction coefficient (Cz) is determined based on an analysis of the
YRIHR dataset for the Lijin, Sunkou, and Gaocun gaging stations; a characteristic
value is found to vary between approximately 10 and 80. I select the characteristic
value Cz = 30 (Figure B.11) for use. Bed porosity (λp) and channel sinuosityΩ are
set to 0.3 and 1.3, respectively. The flood intermittency factor (I f ) is determined in
such a way that our proposed sediment transport relation would produce the same
mean annual bed material load as that observed based on the YRIHR database for
“pre-Xiaolangdi” conditions, using the given hydraulic conditions and initial con-
ditions. By means of the values Qb f = 4500 m3s−1 and GT f eed,pre (bed material
feed rate for the “pre-Xiaolangdi” condition) = 385 Mtyr−1, I determine that I f =
0.13. This is used for both “pre-Xiaolangdi” and “post-Xiaolangdi” conditions.
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Figure B.11: Plot of Cz versus τg∗. LJ, SK and GC denote Lijin, Sunkou and
Gaocun, respectively.
B.6.3 Results
In the first 600 years of the “spin-up” run under the “pre-Xiaolangdi” condi-
tion, the bed aggrades everywhere due to the high bed material feed rate, except
at the downstream end where the bed elevation is fixed (Figure B.12). The degree
of aggradation is greater along the upstream reach than the downstream reach,
resulting in an upward-concave bed profile, in which channel slope decreases
downstream (Figure B.12a and b). At 600 years, the model predicts a pattern
of downstream fining of geometric mean grain size of the bed surface Dg that ad-
equately reflects the observed pattern (YRIHR dataset in Figure B.12c). Figure
B.12f shows the GSDs of bed material feed (from field data at Huayuankou), ini-
tial substrate (which is identical to the initial bed surface, based on field data at
Lijin), and the bed surface at the midpoint of our study reach (430 km from the
upstream) at 600 years (as computed from the model).
When the bed material supply is reduced at 600 years (“post-Xiaolangdi”
condition), the upstream part of the reach starts degrading substantially, whereas
the downstream part of the reach remains unchanged after 10 years (610 years to-
tal, FFigure B.12a). The decrease in bed material supply also leads to bed surface
coarsening (armoring) (Figure B.12c). While the total bed material load per unit
width decreases as a result of bed material supply reduction (Figure B.12e), the
geometric mean grain size of total load Dg,load becomes coarser (Figure B.12d
and e). It should be noted that the transported material (total bed material load) is
always finer than bed surface (Figure B.12c and d). By 10 years after the sediment
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supply reduction (610 years in total), the model generally predicts the observed
trend of temporal bed coarsening, as well as the observed overall trend the down-
stream fining (Figure B.12 8c) in response to the bed supply reduction, in agree-
ment with the findings of Chen et al. (2012) and Ta et al. (2011). Figure B.12f
shows the feed size distribution (as measured at Huayuankou), the bed surface
size distribution at 600 years at 430 km below the upstream end (as predicted by
the spin-up run), and the predicted bed surface size distribution at 610 years (10
years after cutting off the sediment supply). The coarsening of the bed surface in






Figure B.12: Computational results for “pre-Xiaolangdi” condition followed by
“post-Xiaolangdi” condition. (a) Bed elevation (channel-floodplain average), (b)
downstream channel slope, (c) geometric mean size of bed surface material, (d)
geometric mean size of total load and (e) volume bed material transport rate per
unit width. Also panel (f) shows GSD of feed material (dashed line), substrate
and initial bed surface (broken line), and bed surface at time 600 years and 610
years, at the middle of the reach (430 km from upstream end). The legend in
panel (a) also applies to panels (b)-(e).
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B.7 Discussion
B.7.1 Cause of downstream fining and bed coarsening in the LYR
At 600 years in the model results, the bed profile exhibits an upward-concave
shape due to aggressive bed aggradation toward the upstream end of the reach
(Figure B.12a and b). This results in a downstream decrease in bed shear stress,
and ultimately results in size-selective transport, which is a common feature in
sand-bed rivers and gravel-bed rivers Hoey and Ferguson (1994); Wright and
Parker (2005a,b). This can be seen in Figure B.12d, where a pattern of down-
stream decrease in the geometric mean grain size of the total load Dg,load is illus-
trated.
When the sediment supply is reduced, the upstream section of the reach starts
degrading, leading to a downward-convex profile in the upper half of the section
(Figure B.12a and b). The bed surface becomes coarser everywhere as a conse-
quence of sediment supply reduction. This coarsening represents a classic case
of the bed armoring more commonly seen in gravel-bed rivers (e.g., Parker et al.,
2007a); since coarser materials are more difficult to be transported by flow, rela-
tively coarser material remains on the bed surface, creating a bed surface that is
coarser than the substrate. The degree of bed coarsening is strongest toward the
upstream end of the domain, where bed degradation is substantial (Figure B.12a).
This acts to strengthen the pattern of downstream fining after sediment supply
reduction.
It should be kept in mind, however, that the substrate also becomes coarser
toward the upstream end of the reach during the first 600 years of the “spin-up”
run. This can be inferred by the fact that the bed surface, which was gradually
buried into the substrate, becomes coarser in the upstream half of the reach. When
the bed material supply rate is reduced, this coarsened substrate comes to the sur-
face due to bed degradation, and this enhances the bed surface coarsening at the
upstream reach. In other words, downstream fining after sediment supply reduc-
tion is likely caused by i) size-selective transport and ii) coarsening of substrate
during the “spin-up” simulation toward the upstream end of the domain, which is
mined during later degradation.
The predicted pattern of downstream fining reasonably closely tracks ob-
served values, but does not precisely match them in either the “pre-Xiaolangdi”
condition or the “post-Xiaolangdi” condition (Figure B.12c). I emphasize that
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our implementation is “broad-brush”, excluding many details of the highly leveed
and managed LYR. The consideration of such factors as spatial variation in chan-
nel and levee widths, water discharge hydrographs including the effect of water
extraction, delta propagation, variation in flood intermittency, and any tectonic ac-
tivity would give more precision to the model. The implementation of such factors
is tedious but straightforward.
The trend of downstream fining and coarsening can also be seen in the to-
tal bed material load; at 600 years, Dg,load exhibits a decline in the downstream
direction. Although Figure B.8 suggests that Dg,load should increase with decreas-
ing bed shear stress, downstream fining of the bed surface suppresses the effect
of streamwise decline in the shear stress. When the bed material supply is de-
creased, overall bed slope declines (hence bed shear stress declines), thus total
load becomes coarser accordingly. Meanwhile the trend of downstream fining of
the load is maintained due to the strong trend of downstream fining of the bed
surface.
B.7.2 Model applicability to the sorting problem in sand-silt-bed rivers
The proposed relation for the prediction of bed material load for mixtures is a
surface-based relation rather than substrate-based relation. In addition to various
merits in utilizing a surface-based relation, which are well summarized in Wilcock
and Crowe (2003), there is an advantage in terms of data availability. Specifically,
GSD data for the bed surface tends to be much more readily available than data
for the substrate. The fact that the relation contains no critical Shields number
for incipient motion of sediment not only corresponds to the reality of typical
sediment transport events in the Lower Yellow River, which are far above the
threshold of motion, but also makes the form of the proposed relation simpler,
hence more user-friendly. Note that a) the proposed model is an extended form
of the EH total load relation, which also does not incorporate a critical bed shear
stress, and b) in the case of sand-silt-bed rivers, the bed material is so fine that
most of the sediment is in motion even during low flow. In spite of the simplicity
of the proposed model, it is capable of dealing with the sorting phenomena of
downstream fining and armoring as they occur in the sand-silt bed LYR.
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B.8 Conclusion
Grain sorting such as downstream fining and bed surface coarsening is not
unique to sand-bed rivers or gravel-bed rivers; I have found that silt-rich rivers
such as the Lower Yellow River (LYR) exhibit grain sorting. In order to treat
grain sorting of fine material, I developed a total bed material relation for fine
sediment mixtures. I utilized the general form of Engelund-Hansen total load
relation, which is commonly used as a predictor of total load for sand-bed rivers
but is invalid for sand-silt-bed rivers, to develop our relation. In order to quantify
our proposed relation, a database including bed surface grain size distribution is
required.
I have evaluated our relation for the case of the LYR using field data collected
at the Lijin gaging station. I find that the transport of coarser grains tends to have
less dependency on hydraulic conditions than that of finer grains, and that as the
flow intensity increases, the bed material load becomes ever finer compared to that
of the bed surface. This is in contrast to the case of gravel-bed rivers, whereby the
grain size distribution of the total load approaches to that of the bed surface with
increasing bed shear stress. A relation for suspended load of mixtures in sand-bed
rivers, however, predicts a load that is finer than the bed surface over a wide range
(Wright and Parker, 2004).
Our proposed relation is capable of reproducing ongoing downstream fining
and bed coarsening due to bed material supply reduction in the LYR. Downstream
fining due to selective transport is reproduced as a consequence of historic aggres-
sive bed aggradation associated with an upward-concave river bed profile, both of
which are responses to massive sediment supply from the Loess Plateau. Bed
coarsening (armoring) is reproduced in accordance with bed degradation due to
substantially reduced bed material supply rate at the upstream end of the modeled
reach, which is in turn due to sediment retention in the recently closed Xiaolangdi
Dam.
Although our proposed model of grain size specific sediment transport likely
requires some site-specific calibration, the form of the equation is relatively sim-
ple, in part due to the absence of a critical Shields number for incipient motion of
sediment. Moreover, with appropriate calibration, it can easily be applied to grain
sorting problems in other fine-grained rivers with sand-silt-beds such as the Pilco-
mayo River at the border of Argentina and Paraguay (Martı´n-Vide et al., 2014).
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